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ABSTRACT 

Results are presented of a study of methods for utilizing 
diffused junction, semiconductor detectors in neutron detection and 
spectroscopy. The study resulted in the development of various neu-
tron-sensitive coated detectors and the Li6 epithermal neutron spec-
trometer system, which consists of a Li6 -sandwich detector and a 
complete, integrated electronic system. 

The techniques investigated for applying neutron-sensitive 
materials to detector surfaces included solution evaporation, vac-
uum evaporation, and electrodeposition. Solution evaporation is pref-
erable when a thick coating of B10 or U336 is desired for maximum sen-
sitivity. Vacuum evaporation is preferable when very thin uniform 
films of Li6 and Li6F are required on the detector surface. The 
highest sensitivity oo thermal neutrons is obtained with a thick 
coating of B10, because of its high cross section and large number 
of atoms per unit weight as compared to U335. Thin dead layers are 
essential to good counting efficiency, e.g., a 0.5 M> dead layer will 
reduce the counting efficiency of a B 0-coated detector by as much 
as 36 percent. A thermal neutron source was used to observe the 
response of each coating material deposited on the detectors as a 
function of dead layer and radiator thickness. Theoretical relation-
ships depending on range-energy relationships were derived; these 
results adequately predict the response of coated detectors as a 
function of converter material thickness, detector dead layer, and 
discriminator settings. 

The detector developed under this program for the epither-
mal neutron spectrometer system consists of a layer of Li6F sand-
wiched between two silicon detectors in a hermetically sealed pack-
age. The electronic system is fully transistorized except for two 
subminiature vacuum tubes used to attain very low noise in the charge 
preamplifier. The system is capable of counting at rates up to 10 
counts/s for a coincidence-gate resolving time of approximately 0.1 |jbs. 
The observed shape of the sum peak produced by thermal neutrons is in 
substantial agreement with that predicted theoretically. A typical 
value of 200 keV full width at half maximum (FWHM) was observed for 
the thermal sum peak with a coincidence resolving time of « 0.1 p,s. 

The observed spectrum of the 2.5 MeV neutrons from the D+d 
reactions showed a broad distribution extending up to U MeV. This 
was consistent with the anticipated neutron spectrum emitted from the 
self-replenishing deuterium target. Because of a number of uncer-
tainties in the Li6 spectrometer adjustment, this result should be 
considered preliminary. An effort to observe lU-MeV neutrons was un-
successful because of the high background counting rate from compet-
ing reactions. At its present stage of development, the Li6 spec-
trometer is useful for measuring neutron energies up to 6nMeV. 
Above this energy the pulses from the Si38 (n,p)Al38 reaction predom-
inate and obscure the signals from the Li6(n,a)T reaction of inter-
est. 



FOREWORD 

This revision of the final report, written by personnel 
of Solid State Radiations, Inc., Los Angeles, California, contains 
results of research conducted by them for the U.S. Army Nuclear De-
fense Laboratory under Contract DAl8-108-i405-Cml-1012. The work 
was sponsored by the Defense Atomic Support Agency under their 
nuclear weapon-effects research subtasks, 06.001 and 06.039* 

A Preprint of this report was published and distributed 
by the U.S. Army Nuclear Defense Laboratory in December 1963 as 
an expedient means of providing information to the scientific 
community. The Preprint, which is superseded by this revision, 
should be destroyed in conformance with paragraph ll.c.(l) of 
AR 70-31. 
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NEUTRON  ÜtTtCTION AND  SPLCTROSCOFY WITH  SEHICÜNÜUCTOR  |}lil,(. lOHS 

1 INTRODUCTION 

During th«*  paut   1 «"w years,   the  BOfnicondurtui   d« t • i ti>i   lui-.   njini'd 
general  acceptance   In  tlic   li^ld  ol   charged  (jurtii !••  spr« t t KSI upy ('• ^z . 
Many   features  mjkc   it   very  attractive,   v-z- ,    inidil   si/e  dtid u«-i>;lit, 
ruggedneas.   J incur  rebpunae,   Idht   time  ruspofihf,    liigh   stopping   puwer 
relative   tu  gasea  und   1 uw  electron-hole puir    ioni/ution  energy.     Th»- 
current   piojert   wus undertaken   t     extend  the use   ul   semiiouduitor 
detectors   to   include  the  obaervdticn  tind  energy  meaburementb  ul   neu- 
trons.     The   initial   approaches   to  the problem   included   the direct   <jp- 
plicütion   of   neutron-sensitive  materiais   in   the  detector  surface,   the 
use  of   the  Li   -sandwich  spectrometer,   dial  of   J   systi-m  uf   stacked  dete« 
tors  using  absorbers  as   J  means   ol   determining  low-energy   neutron  dis- 
tributions.     The  effort   was   reasonably satisfactory   in   that   it   n- 
suited   In   the  development   ol   a   number  uf   detectors   useful   JS  thermal- 
neutron or   threshold-detection  devices.     The approach  that   showed  the 
greatest   possibilities  was   the  Li"-sandwich spectrometer(0,   with 
which   it  wüs   anticipated  thut   good   energy  resolution  could  be ob- 
tained   for   neutrons  over  a   relatively wide  energy   rdnge.     This   led- 
ture  seemed   to  overshadow  the  advantages  ol   either   the   threshold- 
detecting  devices  or a   system  uf   -jtacked devices;   u..  <J   consequence, 
the  hulk   ol   the   effort   in   the   project   was   directed   toward   the devel- 
opment   of   the  Li   -sandwich  detector  and  the  associated   electronic 
system. 

In general, the detection uf neutrons requires observation 
secondary charged particles produced in a neutron reaction. The 
ticular reaction and the method for utilizing it depends on t In- 
tended application of the device and the nuclear properties of t 
material, e. u • . the cross sectiun and possible threshold lor tin- 
tion. Any hlgh-resolutfon device must depend on a relction in w 
the energy uf the charged particle emitted is a single-value lun 
ol   the   incident   neutron   energy.      Such  a   relationship  exists   in   r 
t ions with  Li(' or Me in  which   the   total   energy   of    the   twn   purf 
formed in a reaction will equal the reaction energy or the y ol 
reaction plus the incident neutron energy. The use ol materials 
this type is advantageous, since the total energy uf the emitted 
tides is independent of the direction ol the incide..! neutron, 
energy of proton recoils 1 rum hydrogenous materials depends on t 
direction with respect to the incident neutron. However, with'p 
coll imat ion,    proton  recoils  will   yield useful   energy   information 
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By contrast, materials depending on a threshold reaction are es 
sentially "go, no go" devices, wherein no correlation exists between 
the incident neutron energy and the resulting charged partible Cl'V'- 
gies. This is particularly true in fission materials such as U , 
Tlr1*-', diul Np*^'. The attainment of good energy resolution and use- 
fulness in an Isotropie 1 lux were considerations which made the Li'1- 
sandwich  approach  seem much more   fruitful   than any   uf   the  others. 



The prt'hffjt   report   in a lunvncry oi   the wurk done on thia  proj- 
ect.    A subst unt idl   part  ol   this work t if»  preiented   in eurl i "r   inter- 
im report« bot   is  repeated her«' lor  the sJkc of  completenean.     In 
purticular,   the iection on the electronic hystem  lur  the Li^  spec- 
trometer  in  repeated  verbat i/n.     A discuasion ol   the evaluation of   the 
ayatem,   which was completed aiter  the last   interim report,   Is   included 
here as  new material.     Other  material   presented here  lor  the   first 
time covers  the work  on * study ol   the effects of  dead  layers  and 
radiator  thickness  on the efficiency of   si/nple coated detectors. 

The second section of   the report  discusses some general   consid- 
erations  of   the detector itself  and ways  of  using  it   foi   neutron de- 
tection.     In particular,   this   included «J  discussion of   appropr^Jte 
techniques  for detector fabrication and  for applying various  neutron- 
sensitive coatings.     Theoretical  methods  for calculating energy dis- 
tribctions  for coated detectors  and   for  the Li"-sandwich detector are 
developed  in the  third section.     The electronic system for  the Li^ 
spectrometer  is   included as  the  fourth  section.     The  lilth section 
contains .« discussion of   the evaluation of   the spectrometer dnd  ex- 
perimental   results   from ubservdtions  ol   the  various  coated  detectors. 
A   1 indl   section   is  concerned  primdriJy with au evaluation  ol   the pres- 
ent   state  of   the  art   ur.d   includes  a   number*  ol   suggestions   as   to  how 
the devices  could  be   improved. 

^.       METHODS OF UTILIZING SEMICONDUCTOR DETECTORS TOR NEtfTRON OBSER 
VATIONS 

J. 1     Semiconductor Rddidtion Detector 

Some general   comments  on  the  operation and  fabrication ol 
semiconductor detectors  are presented   in  order   to  indicate  their 
potential   and  limitations as  neutron detectors. 

The semiconductor radiation detector-  is basically  an   inverse 
biased  p-n   junction.     The slowing down   ol   charged particles   passing 
through the depletion  region   in  the vicinity  ol   the  p-n   junction pro- 
duces  hole-electron  pairs which are  swept   out  by  the  electric  lield 
to  give  rise  to un   electrical   signal. 

Th«' p-n junction  is  lormed  by a  shallow diffusion of  phos- 
phorous   into a  surface  of   high-resistivity,   p-type silicon.      The 
depth ol   the deolet ion   region   (in meters)   is   given  CO  by 
X  • (^euV/^^cjN)J/^';   where  K       Id,   the  relative dielectric  constant   lur 
silicon,   c()       H.H-)   x   10'^ f/m,   V       potential   difference   (in  volts) 
across   the region,   q       electronic  charge   (in  coulombs),   und  N 
concentration ol    ionized  donors  or   acceptor  atoms  per   unit   volume 
(in cubic meters)   in   the  barrier   layer.     Although a  depletion region 
exists  on both sides   ol   the   junction,   the  region on  the n  side wiil 
be   trivial   due  to   the  relatively  high  doping  ol   phosphorous   and 
corresponding large  N on   this  side.     The  above  expressions may be 
written   in  the convenient,   approximate   lorn.   (-0;   d *  (l/3)(pV)'/   , 
where d   is   numerically  equal   to  the depletion  depth  in microns, 
0   is   the  resistivity   in  ohm-centimeters,   which   is  proportional   to 
1/N,   and V   is   the applied  bias  potential    in  volts. 
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The factor 1/3 is dimensional and has the units of (ep) , where 
e = *e0 given above, and |i is the value of the majority carrier 
mobility, 500 cm^/Vs for holes and 1500 cm̂ /Vs for electrons. The 
practical maximum depletion depth attainable with very high quality 
silicon, i.e., material in which the resistivity p is in the order 
of a few thousand ohm-centimeters, is approximately 300 |j. This is 
the approximate range in silicon of 25-MeV alpha particles, 9.5-MeV 
tritons, or 6-MeV protons. 

To maintain charge neutrality across the junction, a 
space-charge layer will be formed on either side of the depletion 
region. Electrically, this will be similar to a parallel plate capaci-
tor having a value of capacitance directly proportional to the area 
and the dielectric constant and inversely proportional to the spac-
ing or the depletion depth. A particular p-n junction will therefore 
exhibit a capacitance proportional to This detector capaci-
tance is sijnificant in the consideration of time dependence of the 
device and in the design of an appropriate input coupling to an 
electronic amplifier. A charged particle moving through the deple-
tion region will lose energy with the formation of hole-electron 
pairs at the rate of one hole-electron pair per 3.5 eV energy loss. 
These pairs will be swept out by the existing electric field across 
the region and will produce a charge increase on the detector capaci-
tance proportional to the energy loss of the charged particle in the 
depletion region. If the charged particle is completely stopped in 
the depletion region, this charge will be proportional to the initial 
charged particle energy less any loss suffered in traversing the n-
region or dead layer. 

The collection time of this charge will depend on the ap-
plied bias voltage and the characteristics of the particular device, 
but will typically be in the order of a few nanoseconds. To avoid 
loss of charge due to recombination, the silicon carrier lifetime 
must be long compared to this collection time. 

Pulses produced by incident gamma rays will be small because 
of the low specific ionization of the secondary photoelectric, Comp-
ton, or pair-produced electrons. Therefore, pulses originating from 
gamma rays may be easily eliminated by electronic discrimination. 

The basic steps in manufacturing the detector are as fol-
lows: a wafer of p-type silicon is cut and polished to the desired 
size; phosphorous is diffused into the surface by exposing the sili-
con wafer to a phosphorous vapor for a few minutes at ** 1000°C, there-
by forming an n-p junction near the surface of the silicon; the back 
and edges of the wafer are etched to remove this n-type surface 
except on the front side of the unit; the device is completed by ap-
plying some material to protect the exposed junction, attaching 
electrical leads, and mounting the device in a usable case. 

Ideally, the detector should have a diffusion depth, or 
dead layer, approaching zero thickness to minimize the loss of energy 

9 



of incident-charged particles in passing through this region. In 
practice, the n-type surface must be thick enough to permit electri-
cal lead attachments and provide a relatively low electrical sheet 
resistivity necessary to obtain a uniform electric field in the de-
vice. Surface leakage over the edges of the junction should be mini-
mized to keep the electrical noise low. This requires keeping th<; 
junction extremely clean, or frea of contamination. 

At the present state of the art, the problem of surface 
leakage has been circumvented to a great extent by employment of the 
guard-ring principle. A aircular groove is etched into the sensitive 
surface of the detector; thereby, a central sens.tive region within 
the circle, and a region completely surrounding this central region 
are formed. The central region is connected to the bias supply through 
a load resistor over which the pulse potential is developed, while 
the outside region or guard ring is connected directly to the bias 
supply. With this arrangement, both regions will be at approximately 
the same potential; however, surface-leakage current will be bypassed 
directly to the supply rather than passed through the load resistor to 
contribute to the signal. While the guard-ring detector does offer 
the advantage of reducing the effect of leakage, its primary limita-
tion is that the area of the sensitive region is only approximately 
half the total area of the silicon wafer used. 

2.2 Neutron Interactions in Silicon 

Utilization of the semiconductor radiation detector for ob-
serving neutrons will generally depend on observing a secondary charged 
particle produced by a neutron reaction in material external to the 
silicon itself. Direct interactions between neutrons and silicon will 
give rise to effects which must be evaluated to understand the opera-
tion of a particular neutron-detecting device. The direct interaction 
between neutrons in silicon that must be considered are thermal-
neutron capture and fast neutron (n,p) and (n,a) reactions. 

The thermal-neutron absorption cross section in silicon is 
» 0.10 barn The major fraction of thermal absorptions occurs in 
the lrwer mass isotope 28, resulting in the formation of Si^, which 
is stable. Similarly, neutron absorption in Si" produces the stable 
isotope Sî O. The gamma rays emitted in each case will contribute 
only to low-energy noise in the detector. The small fraction of neu-
trons captured in Si^ results in the formation of Sî l, which decays 
with a 2.6-hour half-life to stable P3-*- by beta emission. This reac-
tion contributes only to low-energy noise in the detector. Hig* -
energy neutrons may interact directly with silicon, producing either 
protons or alpha particles. In the process, a neutron is absorbed, 
forming an excited nucleus which may give up its excess energy by 
evaporating either a neutron, proton, or alpha particle(^). The 
probability of producing a particular particle is a function of the 
available energy in excess of the binding energy of the particle and 
the density of energy levels in the residual nucleus. By use of 
available cross section data for the (n, p) and (n,a) reactions in 
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various materials^ \ nuclear level density parameters have been de-
rived. From these results the cross section for the (n,p) and (n,a) 
reactions in silicon have been calculated (?). From the experimental 
data, the cross section for the (n,p) reaction increases sharply 
from zero at the 3.86 MeV threshold to 0.25 b at 12 MeV. The theo-
retical (n, p) cross section reaches a maximum of 0.30 b at 12 MeV 
and falls off to 80 mb at 20 MeV. The calculated cross section 
for the (n,a) reaction increases from zero at 2.66 MeV to the maximum 
value 60 mb at 14.1 MeV. 

This boiling-off process results in the emission of charged 
particles with random energies following a somewhat complex distribu-
tion depending on the energy of the excited nucleus(8). As an exam-
ple of the general nature of this distribution, it is noted that the 
proton energy distribution resulting from interaction with 14-MeV 
neutrons extends from zero to 10 MeV with a peak at approximately 
2.5 MeV. 

The broad and complex distribution of charged particles 
produced by the (n,p) or (n,a) interaction in silicon essentially 
precludes using this reaction to determine the incident neutron energy, 
except possibly as a threshold indication. For incident neutrons with 
energy greater than 6 MeV, the cross section for these reactions is 
large enough to complicate seriously the use of the silicon semicon-
ductor detector to measure other charged particles in a fast neutron 
field. 

2.3 Neutron Detection 

Neutron detection generally depends on observation of charged 
particles produced in some neutron reaction in material placed in 
proximity to the detector. Several materials are useful for this 
application. In particular, B10, due to its very high cross section, 
is used as a radiator material for observing thermal neutrons. Li° 
may be used as a simple thermal-detection coating material; however, 
because of the relationship between the incident neutron energy and 
the maximum energy of the triton produced, the Lî -coated detector 
may be used to indicate the maximum neutron energy emitted from a 
source. In addition, the Li^ is most I'seful as a material fur the 
spectrometer sandwich detector, which will be discussed in detail in 
a later section. The neutron reaction with He3 is of considerable 
interest, since the resulting two charged particles will share the 
energy of the incident neutrons plus the reaction energy. The inci-
dent neutron energy can be inferred from the sum of energies of the 
two charged particles, as is done with the Li^ sandwich. While a 
He^-sandwich detector might offer the advantage of less energy-strag-
gling than is encountered in the Li^ sandwich, a development effort 
was not made, due to the anticipated difficulty in containing He^ in 

More precisely, "threshold energy" refers to the necessary kinetic 
energy of the neutron in the LAB system, i.e., Eth = -(Mx+Mx/Mx) Q> 
rather than the required kinetic energy in the CM system, i.e., 
the negative Q value. This latter value is used here. 
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a practical working device. Various threshold-type materials, such 
as U238, Th^^^, and Np̂ 37̂  a r e available but cover only a small 
range of energy. The inherent advantage of these materials is that 
the resulting fission-fragment energy is very large as compared to 
noise or any reactions caused by light-weight charged particles. 
This permits discrimination against the lower-energy events. 

A discussion of the techniques for applying material to 
detectors is given in the following paragraphs. The development of 
the elecLrodeposition was not covered directly by this project; how-
ever, comments are included for completeness. The detector units 
were evaluated for noise and normal diode response before and after 
the coatings were applied. Except as noted in the following discus-
sion, yields were satisfactory. 

2.4 Coating Techniques 

Basically,three techniques were used for applying neutron-
sensitive coatings to detector surfaces: evaporation out of solu-
tion, vacuum evaporation, and electrodeposition. The choice of ap-
proach for any particular material depended on the nature of the 
material itself and the intended use of the detector. 

The solution-evaporation technique is reasonably straight-
forward and simple. It involves dissolving the neutron-sensitive 
material in a solvent, applying a quantity of the solution to the 
detector surface, and allowing the solvent to evaporate, thereby 
leaving a dry deposit of the desired material. A number of problems 
had to be overcome in order for this approach to be practical. For 
example, the residual deposit was required to have good uniformity 
and adherence to the detector surface. Secondly, the solvent could 
not react directly with the silicon surface, nor contribute to the 
contamination of the detector junction. These restrictions immediate 
ly eliminated use of strong acids as solvents. A mechanical problem 
was involved in that the solution, when deposited on the detector 
surface, at times formed a meniscus near the edge of the detector, 
with the result that the bulk of the material was deposited in a 
peripheral ring rather than uniformly over the surface. This prob-
lem was reduced by applying a nonwetting silicone coating around the 
edge of the detector surface before applying the solution. In some 
cases there was a tendency to form large crystals on the dry surface 
rather than a deposit of uniform thickness. With the formation of 
large crystals, part of the deteccor surface was actually not coated 
and the sensitivity was poor. Crystal formation was controlled by 
the choice of solution and the drying procedure. 

Considerable effort was made to determine the best approach 
for depositing on detector surfaces. While the BlO is in itself 
useful only as a thermal-neutron detector material, the techniques 
involved are essentially applicable to other materials. The first 
approach to applying B^ in a solution involved dissolving boron in 
nitric acid, applying the solution to the detector surface, and evapo 
rating off the liquid. This method yielded uniform B̂ O coatings with 
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controllable thicknesses; however, the acid caused so much deteriora-
tion of the detector that the yield was poor or the reliability was 
very limited. An additional problem was encountered when the material 
was applied as a true solution; the active atom combined as a salt, 
with the result that the anion contributed substantially to the bulk 
of the surface and reduced the sensitivity significantly. 

A variation of the solution-evaporation technique consisted 
of applying in a suspension of chloroform, methanol, and iso-
propyl alcohol. Since the boron in this case was not actually dis-
solved in the suspension, the resulting surface was composed of par-
ticles having chemical composition and initial size such that very 
thin uniform surfaces could not be obtained by this method. Slow 
drying was required with this technique to prevent bubbling, which 
would cause nonuniformity. 

The solution-evaporation technique was used with good suc-
cess in depositing both and U^®. The uranium solution was formed 
t>y either dissolving the metal in nitric acid or by dissolving the 
uranium oxide in a combination of nitric and hydrochloric acid. The 
resulting solution was neutralized with ammonium hydroxide and thereby 
yielded a precipitate. This was extracted from the solution by 
methanol, in which the salt was slightly soluble, and then evaporated 
to a powder form. A small quantity of methanol was added to this 
powder, which produced a slurry that was applied to the detector sur-
face and dried to form the final coating. A slight residue from the 
methanol acted as a binder so that the final surface had good mechan-
ical stability. Since uranium is a heavy atom, the fractional con-
tribution of any material forming a salt with the uranium or any 
binder material does not significantly reduce the sensitivity of the 
device. 

In general, the solution-evaporation technique was consid-
ered adequate for cases in which the surface uniformity was not criti-
cal, e.g., if the energy depended on threshold rather than the energy 
of the emitted particle. 

2.5 Vacuum Evaporation 

Vacuum evaporation is a technique useful for applying mate-
rials where a thin, uniform coating is required. In this technique 
the detector is mounted in a vacuum chamber near the heater contain-
ing the material to be deposited. When a good vacuum was attained, 
the temperature of the material was raised to a point where evapc^a-
tion was fairly rapid. Particles emitted by the evaporation process 
followed essentially straight-line paths and stuck to any surface 
they encountered. A mask over the detector edges was used to define 
the region on which the material was deposited. This technique has 
been used on a routine basis for depositing very thin films of mate-
rials such as silver, aluminum, and gold. However, the technique is 
limited by a number of factors. The material to be deposited must 
have a melting point that is low in comparison with materials used 
for the heater element. Further, the heater must be an inert material 
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that does not interact with the material being evaporated. To be of 
practical use, the evaporated material must adhere to the silicon 
surface and form a reasonably rugged surface. 

The vacuum-evaporation technique was used successfully to 
deposit uniform coatings of lithium metal and Li°F. These materials 
melt at relatively low temperatures, and a 1-mil-thick tantalum 
heater or boat was quite adequate for this evaporation. Lithium-
fluoride evaporation was accomplished by (1) placing the detector in 
a jig about 25 cm above the heater, (2) loading the tantalum heater 
with the required amount of the salt, (3) evacuating the system 
» 10 mm of Hg, and (4) gradually increasing the temperature of the 
tantalum heater to a dull red glow or to a temperature at which the 
Li F would melt and form a molten globule. Too rapid an increase in 
temperature at this point would cause sputtering and a resultant loss 
of material, or nonuniformity in deposition. It is possible to evap-
orate lithium metal by this same technique. Due to the interaction of 
the metal with air, it was normally supplied immersed in an inert oil. 
The lithium metal with some oil adhering to its surface was placed in 
the tantalum boat and the system was evacuated. The evaporation tech-
nique was, of necessity, modified to a two-step process. First, the 
entire detector system was masked while the oil was evaporated off at 
a low temperature. Secondly, the mask was removed and the temperature 
was increased, as was done with the lithium salt. The metal evapora-
tion generally required a much more careful masking of the detector 
junction, since extremely small quantities of lithium contamination 
on the junction could destroy the detector. Use of pure lithium is 
practical only in cases where the detector can be hermetically sealed 
in either a vacuum or an inert atmosphere. A few successful Li6 metal 
evaporations were made, but because of the added difficulties this 
technique was not routine. 

The vacuum-evaporation technique offers the advantages 
of good controllable thickness and uniform surfaces, but it is not 
applicable to all materials. While evaporation of uranium can be ac-
complished, the contamination problem makes such an approach practi-
cal only if complete equipment can be provided for this single opera-
tion. Other materials, such as B̂ O, are difficult to evapurate, due 
to their very high melting point. In addition, some chemical com-
bination with the heater occurs at the required high temperat'ire, so 
that the composition of the deposited surface is not certain. The 
compound H3BO3 may be evaporated at lower temperatures; however, the 
inactive atoms in the compound contribute to stopping the alpha par-
ticles and thereby reduce the sensitivity of the resulting surface bv 
a factor of « 1/6. 

2.6 Electroplating 

An electroplating technique was developed to deposit thin, 
uniform layers of U'" and U238. 

An electroplating apparatus was constructed which con-
sisted of parallel-plate electrodes in a ISO-ml beaker containing 
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the electrolyte. This was immersed in a constant temperature bath. 
The electrolyte was prepared by dissolving uranium or uranium oxide 
in an acid solution, then adding ammonium hydroxide to adjust the 
pH to 4 or 5. An electrolyte was made by adding ammonium oxalate. 
Contamination by spread of uranium was not a problem since the mate-
rial was totally contained in the electrolyte. Uniform deposits of 
uranium up to 1 mg/om«? could be applied successfully by this tech-
nique, if the pH of the solution was carefully controlled during the 
plating process. This was effectively accomplished by adding either 
ammonium oxalate or oxalic acid as required. 

Efforts were made to plate uranium onto various materials 
including aluminum, nickel, and the detector itself. The back side 
and edges of the sample to be plated were masked by an acid resistant 
wax and immersed into the electrolyte solution. Plating to the de-
tector surface was accomplished by evaporating a thin layer of gold 
onto the detector and by using this surface as the cathode in the 
plating cell. The most critical problem in this technique was to 
ensure that the masking was adequate to protect the detector junction 
from any contact with the electrolyte during the plating. This pro-
cedure was practical only where an extremely thin coating was required. 

2.7 Materials 

In general, the materials used in the construction of neu-
tron detectors were chosen to satisfy two requirements: (1) The 
material should be such that its perturbing effect on the flux to be 
measured, due to neutron absorption or scattering, will be minimal; 
(2) The material should not become radioactive during the measure-
ment. These requirements were important and generally not difficult 
to fulfill. The structural material was aluminum, which has low 
cross section, good thermal and electrical conductivity, is readily 
available and easily workable. Hydrogenous materials were avoided; 
therefore, teflon was used for small spacers and insulators in the 
detector assembly. 

Radiation damage due to fast neutrons became significant 
following a total exposure of 10^3 to lÔ -1* nvt. Damage caused by 
either gamma or thermal neutrons was not significant until extremely 
high doses were sustained. Note that a comparable radiation dose gen-
erally produced observable damage in other semiconductor devices, such 
as transistors. 

2.8 System Approaches 

At the beginning of the project two techniques for neutron-
energy measurement were considered. These were the Li6-sandwich 
spectrometer and a stacked-detector absorber array. The bulk of the 
effort in the project was devoted to the development of the Li&-sand-
wich detector and associated electronic system. This is discussed in 
detail in a later section of this report. 

The stacked-detector absorber array was intended to be used 
as a device for determining low-energy distributions in the thermal 
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and epithermal range. A collimated beam of neutrons would be at-
tenuated by an amount depending on the cross sections of the ab-
sorber mater^jls between successive detectors and the energy distri-
bution of the incident beam. A comparison of the relative response 
rates of detectors at various depths in the array could in princi-
ple indicate the energy distribution of neutrons in the beam. 

The problem of primary concern with this type of system was 
the range of counting rates that would be required. In order to ob-
tain meaningful results, it would be necessary to attenuate the beam 
several orders of magnitude. This would, in turn, require counting 
systems having the same order of magnitude of difference in their 
total storage capacities. Because of the limited capacity of conven-
tional counting systems, it would be difficult tc measure relative 
rates differing by more than approximately H decades with any rea-
sonable statistics. Present data-handling techniques would, however, 
permit a straightforward computation of results by use of this system. 
Essentially no effort beyond the feasibility considerations was made 
on this device; however, such a system would be useful for certain 
applications where detailed information or low-energy neutron distri-
butions is important. 

2.9 Li6-Sandwich Detector Construction 

The construction of a sandwich detector was accomplished 
in three steps: 

1. The fabrication of the p-n junction detectors. 
2. The coating of one detector with Li*>. 
3. Assembly and encapsulation of the sandwich into a 

hermetically sealed package. 

Except fjr the final mounting, detectors to be used for the 
Li -sandwich assembly were fabricated by the conventional procedure. 
Extreme care was exercised in selecting detectors that matched one 
another in operating characteristics, physical size, and dead layer. 
While guard-ring detectors have generally been used for this applica-
tion, a few conventional one-square-centimeter detectors were used for 
comparison, and satisfactory results were obtained. 

Coating by evaporation was performed as described in a 
previous paragraph except that before the evaporation, the detectors 
were attached to the aluminum blocks which supported them in the final 
assembly. The thickness of the deposited salt was determined with 
fair precision by weighing a large piece («a 100 cm^) of aluminum placed 
in the vicinity of the detectors during evapoiation. Uniformity of 
the coating on the detector surfaces was observed by means of a re-
flected optical interference pattern. This technique was used to 
deposit films ranging from 50 to 300 \Ag/cvt\2. 

A sketch of the package for the Li6-sandwich detector is 
shown in Figure 2.1. This unit appears to have good ruggedness and 
operational stability. The unit consists of two detectors supported 
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by aluminum blocks which, in turn, are supported by base pins insu-
lated by means of teflon sleeves. The spacing between the detectors 
is adjusted by means of two teflon screws through the two aluminum 
blocks. After the spacing adjustment, the detector support blocks 
are held in place by means of teflon set screws pressing against the 
base pins. Electrical connections are made from the crystal to the 
pins by means of gold wires that are spotwelded to the desired pins. 
After assembly of the internal parts, the outside cylindrical can is 
added and cold pressed to the base to form a hermetic seal. The 
final step in the procedure involved evacuating air from the unit and 
pinching off the pump-out tube. The completed unit fits a standard 
seven-pin tube socket and over-all dimensions are approximately 7/8 
inch in diameter and 7/8 inch high, exclusive of the pins and pump-out 
tube. 

An effort was made to avoid using any hydrogenous material 
or highly neutron-absorbing materials that could perturb the neu-
tron flux or become highly radioactive during its use in a neutron 
field. 

The procedure for assembling the Li6 metal coated unit was 
essentially the same, except the entire procedure was carried out in 
a dry box containing an inert atmosphere. This arrangement, however, 
lacks an adequate means of testing the units before final encapsula-
tion, 

3. THEORETICAL CONSIDERATIONS 

The use of semiconductor detectors ior neutron detection gen-
erally depends on observing a charged particle produced in some 
neutron-sensitive material placed in proximity to the detector. 
The material may contain Li&, a fissionable material, or some 
hydrogenous material, depending on the intended use of the detector. 
This neutron-charged particle converter material may be applied as a 
thin film directly to the sensitive surface of the detector or to 
some base material which, in turn, may be placed in close proximity 
to the detector surface. The energy distribution of charged particles 
observed by the detector will depend on the initial energy of the 
charged particles and the slowing-down distance the charged particles 
must travel before entering the sensitive region of the detector. A 
theoretical analysis of the neutron-sensitive coated detector response 
was performed in order to help understand the relationship between 
such factors as radiator thickness, detector dead layer, discrimina-
tor settings, and detector efficiency. The response of the Li6-sand-
wich detector has been calculated for a number of special cases of 
interest. 

3.1 Preliminary General Forms 

The range of heavy charged particles may be approximated by 
the empirical equation 

R = K E7 + a, (3.1) 
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where K, y, and a are constants chosen to give the best fit to data i> 
the range of interest, and E is a dimensionless quantity numerically 
equal to the charged-particle energy in MeV. 

The above exprenuion lor R adequately describes the shape of 
the range-energy curves over the energy region of interest for the 
present purposes, i,. e •. I rum near zero to a few MeV. Although the 
function does not fit the data for E near zero, this does not signif-
icantly affect the fol' owing derivations which depend on the shape 
of the function rather than its absolute value. The value of the 
curve-fitting constant,a, will not be significant for the present dis-
cussion. 

(9) The best fit to the data of Gobelliv ' for the range of 
alpha particles in silicon in microns is obtained when y = 1.45 
and KQ = 2.13 microns, a = 2.2 inicrons. By use of the same tyPe °f 
range-energy relationships and data from Nuclear Data Tables(10)f 
these constants for tritons are y = 1.45 and K-p = 10.0 microns. 
Since the slowing-down rate of heavy charged particles is approximate-
ly proportional to the material density, Equation (3.1) will be ap-
plicable to other material if K and R are expressed in milligrams per 
square centimeter. 

A charged particle produced with initial energy E0 will 
have a range R0. Then from (3.1), 

R0 = K E^ + a. (3.2a) 

After traveling a distance r, the residual range (R0 -r) 
and energy E will also satisfy (3.1), i.e., 

(RQ -r) = K Er + a. (3.2b) 

Substituting into (3.2b) the expression for R0 in (3.2a) gives 

r = K (Ê  - Eyh (3-3) 

or E = (Ê  - r/K)1^. (3.4) 

The last expression (3.4) gives the energy of an emitted charged par-
ticle originally produced with energy E0 after traveling a distance 
r in the slowing-down material. 

The number of neutron reactions per unit time per unit vol-
ume in the neutron-charged particle converter, or radiator material, 
will be given by 

n (En) = i(En) £ (En), (3.5) 

where ®(En) is the neutron flux and £ (^n) macroscopic cross 
section for the particular reaction. In general these quantities 
will be functions of the incident neutron energy En. Since the neu-
tron attenuation in the converter material will be small, the terms 
in (3.5) may be considered constant over the entire converter volume. 
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The general approach to determining the energy distribution 
of charged particles observed by a detector involves first finding an 
expression for the energy of emitted prrticles that originate in a 
particular volume element in the radiator and then travel some dis-
tance before reaching the sensitive region of the detector. The total 
distribution is then formed by summing over these volume elements in 
the radiator. Two methods of performing this summation are presented 
in order to illustrate the origin of energy distributions and the 
effects of the parameters involved. While the two approaches give 
the same final results, each has some advantage of convenience for 
particular cases. The first method, discussed in Section 3.2, shows 
clearly the region from which emitted particles of a particular energy 
originate. The second method, which is given in Section 3.3, uses an 
integration in which the physical significance of each step is some-
what obscure. However, the form of the summation lends itself to a 
convenient graphic representation. This permits obtaining graphic 
solutions for some cases which cannot be handled analytically. 

In the following discussion it will be assumed that ranges 
are expressed in density units such that it will not be necessary to 
distinguish Detween mater:als. Infinite slab geometry will be assumed, 
since the charged particle ranges are small compared to the detector 
surface dimensions. 

3-2 Energy Distribution - Analytical Form 

Consider a detector having a dead layer of thickness d and 
a radiator (or neutron-charged particle converter) thickness t - d 
such that the total thickness of the radiator and dead layer is t 
(Fig- 3.1). The energy distribution of charged particles entering 
the sensitive (i.e., depletion) region through the small surface 
element ds will now be calculated. The number of particles produced 
in a spherical shell between r and r + dr per unit time and in the 
volume element defined by d0 and 9 measured from the normal to the 
surface is 

2 
2TT nr sin 0 db dr, (3.6) 

where n is given in (3.5). Note that sources exist only in the 
radiator, and that n will be zero in other regions. 

The solid angle at this volume element subtended by the 
surface element ds is 

ds cos 9 
— • (3.7) 

4nr 

By the assumption that the charged particles are produced isotropical-
ly, the number emitted per unit time through ds from this element will 
be 
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N (r , 0) dr d0 ds = (2nnr s in 0 d0 dr) fds cos 0) 
2 Irrr 

= sin 0 cos 0 d0 dr ds. 

By substituting the variable 

1̂ = cos 0, 

(3.8) 

(3.9) 

the number of particles emitted per unit area per unit time from the 
corresponding volume element is 

'0, for r < d, 

N(r,p) dr dy. =(•£ \x d^ dr, for d < r < R, (3.10) 

k0, for r > R, 

where R is the maximum range of the charged particle. 

The total emission rate per unit area of particles origi-
nating in the spherical shell defined by dr about r is found by inte-
grating Equation (3.10) over the appropriate limits of (a, i.e., 
where n • 0. 

0, 

"I. n M du dr = -r-
2 ^ r - d dr, 

N (r) dr = < 
d/r 

t/r 

s / d/r 

n M dp dr = -J 
2 2 t - d dr, 

V 0, 

for r < d, 

for d < r < t, 

(3.11) 

for t < r < R, 

for r > R. 

The function N (r) in (3.11) is the distribution or density 
function of charged particles as a function of r. This can be expressed 
as a distribution in some other variable, in particular E, providing 
there is a functional relationship between r and the other variable. 
In corresponding intervals dr and dE, there must be the same number of 
particles emitted, i.e.. 

N (r) dr = N(E) dE, (3.12a) 

where N(E) is the distribution function in E. The relationship 
between these variables from (3.3) is used, and 
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N(E) dE = - N(r) dE 
y - 1 (3.12b) 

= N(r) y K E7 dE. 

The negative sign is used in (3.12b), since the derivative is nega-
tive. When the expression for r from (3.3) is substituted into 
(3.11) and Equation (3.12b) is used, the energy distribution is 
found to be 

/ 0, f o r E > (E7 - d / K ) 1 / 7 

N(E)dE 
< 

nyK \ ~d / K " E y" 1dE. f o r ( E 7 - d / K ) 1 / 7 > E > ( E 7 - t / K ) 1 / 7 , 
^ I (E^ - E7")2 

1 o £ ' (3 .12c) 

I nyK I f t 2 - d 2 ) E7_1dE, fo r ( E 7 - t / K ) 1 / 7 > E > 0 , 
4 ' K2 ( E 7 - E 7 ) 2 

v o ' 

where E0 is the initial energy of the charged particles produced in 
the radiator. Energy distributions for several values of radiator 
thickness have been calculated from Equation (3.12c) for 3-MeV alpha 
particles and are shown in Figure 3.2. Calculated distributions as 
a function of dead layer are shown in Figure 5.1. In the limiting 
case of zero dead layer and infinite radiator thickness, the total 
number of charged particles emitted per unit area per unit time is 
found to be 

E E o o 
N(E)dE = f r*K • E7"1 

/ N C E ) d E = f l dE 

nKE7 nR = O fts Q . 

4 4 (3 .12d) 

Total counting rates above a discriminator setting are found 
by integrating over the expression in Equation (3.12c) from the dis-
criminator setting to the maximum energy. 

3.3 Energy Distribution - Graphic Solution 

An alternative method for calculating the energy distribu-
tion involves calculation of the distribution from a source element at 
a particular depth in the radiator and then summation over the thick-
ness of the radiator. Unlike the method above, this approach does not 
give any picture of the region from which particles of a particular 
energy originate. However, it does yield a result which lends itself 
to a graphic solution, which may be useful in some cases. 
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The number of charged particles formed per unit area in 
the element of thickness dx at depth x, and emitted in cone d0 about 
9 (see Figure 3.3) is given by 

N(x,9)dx d6 = -p s i n 0 d0 dx, f o r d < x < t and •••• x < R) . (3 .13) 
^ C O S u 

In terms of the variable n = cos 0, 

N(x,ia) dx du = -rj dx dp- (3.14) 

From (3.4) the energy E of a particle originating at depth x in the 
direction defined by n will satisfy the expression 

x = K(E^ - E7)M. (3.IS) 

For a particular value of E, Equation (3.15) gives a linear 
relationship between x and M, which may be represented by a straight 
line through the origin when plotted on an x|i-plane. The line cor-
responding to E = 0 will pass through the points (0, 0) and (R,'l), 
where R = KE£ (Figure 3.4). Particles originating from a depth x 
and in the direction (a, as represented by a point (x, p.) on the 
xp-plane, will be emitted with energy E corresponding to the con-
stant energy line through that point. Particles emitted with greater 
energy must originate from points above that particular constant 
energy lino. 

The number of particles emitted in a particular interval 
will be found by integrating Equation (3.14) over the appropriate in-
tervals of x and |*i. Since this will also give a value proportionai 
to the area of the corresponding region in the xji-plane, this same 
number can be found by measuring the appropriate area or the plane 
by any convenient means. 

The shaded area in Figure 3.4 corresponds to the region in 
the radiator from which particles may be emitted with energy greater 
than E. The corresponding number of particles from this energy in-
terval is found by integrating over this shaded area. The values 
Md and correspond to directions from which particles are emitted 
with energy E from the respective depths d and t. Thus, the number 
of particles emitted per unit area per second, with energies be-
tween E and E0, is given by 

HK(l£ - E7) 

j dx • / dH J dx (3-16) 
d Mt d 
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^    J,   when  E >  (E^   -  d/K) o 
i/> 

The density   functiüiib  N(E)   tire  the negative derivatives with respect 
to  E of   the   t'xprt'ss ion   in  Equution   (i.17).     Tl ese are   identicaJ   tu 
the  results  given   in  Equation  (^.1^). 

The  counting   rate   for detectors  with   infinitely thick 
radiators  is   found   by measuring the area   in  Figure'   i.M  of the  region 
above  E =  Ü  and   to   the   right   ui x  =   d,   and  multiplying by x\/2.     From 
(3.1U),   the  value   is 

/ 
(J 

N(E)dE 
n(R 

UR 

n(R   -d) 
o 

'<R (3.18) 

For zero dead layer-, this becomes 

i 

/ 
I) 

o 

N(L;dL 
uR 

:iR 
 o 

(3-19) 

in   agreement   with   (3.1<?d). 

Equation   (i.l(J)   gives   the muxinum   theoretical   counting   rate 
per  unit  area   for  a   coated  detector   in  which  the  charged   particles 
are  produced   isotropically  and at   a  single  energy.     The difference 
between   the counting  rates   for  the actual   range Ru and  the   value 
R     ■  KEQ   is  due to   the  constant, a, in Equation   (i.l).     Any  charged 
particles  originating   in   the  radiator  at  a  distance between  R     and 
R0   from  the  point   of   emission would   have  energies  too  low   to  add   sig- 
nifi  antly  to   the  counting  rate.      In   practice,    these  very   low-energy 
pulses  are discriminated  against   electronically,   along with  other- low 
energy  pulses  originating  from gammu-r-uy   interactions  and   electronic 
noise.     Tlieor-et iij i   nuximum counting  rates   luve  been calculated   f ur 
various   radiator mater iu Is   from    the R     values   in Equation*   (-i.l'J). 
These are preserved   in  Table  S.l   lor comparison with  experimentally 
observed  values. 



i. U    Special   C^ses 

The   loreguin^ discuss  on  cons iderccj   in   sunn1  Jit i i I   i lie  i   isr 
in which  charged   particles  were  produced   isotrop icu 1 I ^   .jud  di   .<      m 
gle energy  in u  radiator externaJ   to,   but   in direct   cont.K t   with,   the 
detector  surlace.     The   ioiluwii^g special   cusi's   arc ulsw  u\    interest, 
but   they  will   be mentioned  only  brielly cind   not   developed   in detdii. 

J.U.I     internui   Sources 

The   (n, p)   und  n,Q)   reactions   in   silicon  result    in 
the  production  oi   charged  particles  within   the detector   itseil,   both 
in  the  sensitive depletion  region  and   in  the undepleted  regions   on 
either  side  ol   the depletion   region.     Charged  particles   produced   in 
the depletion   region may  give  up   their  tutt'l   energy   in  that   region, 
which would   result   in <J   pulse   proportional   to   their'   lull   energy. 
Similar  charged  particles may  give up  only  a   traction  ol   their-  energy 
in  this   region,   while charged   part icles  originating outside  the  deple- 
tion  region may  be   finally  stopped   in   the depletion   region.     The  net 
result  will   be an  observed  pulse   height   distribution   having a  nidximum 
corresponding  to  the maximum  energy   in  the  charged-particle  energy 
distribution  but   shifted  toward  the   lower  energy   end  oi   the distribu- 
tion.     The  total   counting  rate will   be  equal   t(    the  total    production 
rate   in   the depletion  region   plus   the  contributions   1rom  the  region 
on  either  side.     The latter  contributions   can  be   calculated  by 
methods   that  were  developed   in Sections   i. <!  and   -).•!. 

i. U . t?     Separation  ol   Detector and  Radiator 

A  convenient   technique  lor   studying detector charac- 
teristics   consists   ol   depositing  the  radiator material   on  some  base 
material   such  as  aluminum  foil,   which can  be  brought   into  proximity 
with  the  detector  surlace;   thus,   the  radiation material   can be 
deposited  directly  onto  the detector surlace.     The  observed  energy 
distribution  oi   charged  particles   is  similar  to   that   derived   in  Sec- 
tions   3.^   and   i.3,   except   that   edge effects  may   be  significant,   and 
any  air   between   the  radiator  and  detector   would   effectively   increase 
the dead   layer.     Actual   experiments  using this   u'jchpi^'if were performed 
and will   be discussed   in  Sections   5.1   and  S.«^.     However,   the detector- 
radiator   spacing was  generally  kept   small  and   the   units  were operdtcd 
in d   vacuum container so   that   these  effects   could   be   ignored. 

3. S     Determination  oi   Detector Dead Layers 

A method   lur determining detector  dead-layer   thickness   is 
derived  which  depends  on  a  comparison  between  the  maximum  energies 
of   two distributions  ol   charged  particles as  observed  on a  multichannel 
pulse-height  analyzer-.     The  results  depend  on charged-part icl e,   range- 
energy  data  and   the  linearity   of   the  pulse-height   analyzer   systems, 
but  are   independent  oi   the absolute calibration. 
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From Equation (i.i^), the müximum energy observed due to 
charged particles produced with energy, EQJ, and passing through a 
dead  layer,   d  ia 

El  =   CEül       -  d/Ki)       J   "  ^1' C3.20) 

where Aj   is  the maximum anaJyzer channel   in which counts  are  observed 
corresponding to particle  energy E^,   and  C   is  the system calibration 
constant.     With  the  samt   system  calibration,   charged  particles  of   dil- 
ferent   initial   energy,   Eu^,   will   have maximum  observed  energy 

E2 =   (Eu/^  -  d/K^)17^ =   CÄ^   . (3.21) 

Eliminating C  from Equations   (3.<?ü)  and   (3.21),   and solving  for d, 
gives; 

d = 

y y 
K1A1 K/. 

yi - y2      -yl yl 
K^E^       -     K/,    /K1A1       K^^ 

(J-22) 
yl y\ 

KJ\;1 K.Ä 
^    '   "l"! 

The  terms   in   (i.«?iJ)   are observed   1 rom  uny  two  charged   par- 
ticle  sources  of   know.i  energy,   e.g. ,   the  alpha   particle  and   triton 
from  a   simple  Li   -coated  detector  exposed   in  d   thermal   neutron   liux, 
or   the  alpha   particles   1 rtxn   known  sources   such as  Ph^l^  m   B  ^   in 
a   thermal   neutron   flux. 

Observing two alphd particles ol different energies has the 
advantage that the values of K dnd y are the same lor both particles, 
so   that   Equation   (-1.^)   becomes 

y      _   _   y > _   _   y 
KLu^    ■  ^/V    KEui         Ru^ -   ^/V    Rül 

d  -     -——      -a (^.M) 

1   -(A/A,) 1   -   (A/Äp 

where RUJ   and R(jj are   the   ranges  of   the   two  alpha  particles,   and  d 
is   the  constant   given   in Equation  (i.l). 

In  the  application  of   this  method,   the  observed maximum 
channels   of   the   two  distributions  are  taken  as   the extrapolations  of 



Llii1 upper  I'd^t's   "1   each peak,   thereby  eliminutii^  thf i-llcii   .1   . 
j^y  loss 'Juc   tu  tlu' straggling   in  the  radiatur   layi-r.     Thi . ipitl.ini 
determining  detector dead   Idyi-r   is  therefore   independent   ni   iin 
r jd id tor  t li i cUnebs ■ 

A   üsi'lui   variation,   wliidi will   be  relened   tn   .f-.   M 
method,   is   derived JS  lollows: 

Equation  (i.^U)   is written ds d  power series 

' i 

rut  io" 

K, (E Ü1 

=   E 01 i 4 - 

i/? 
d/KJ 'Ul 

KiE:oi 

(1   -  O/CK^^      ) 

2> 
1 

l/> 

K1EUJ 

(i.tM) 

Higher-order terms  myy  be  neglected when   the  dedd-Idyer 
thickness  d   is  small  compared   to  the  range.     In appiyi_n«   this method, 
a  similar  expression  tor E^   is  derived,   and  values   ol   £2   diid C^ and 
the  ratio Lj   / L^  are calculated  and  plotted as  a   lunction  ol   d  for 
the particular charged  partiell   sources  used  lor  the   observation. 

_   _ To   lind   the value ol   d,   the  ratio Ax/A^ =   CA^/CA^ - 
EJ/E^J  is  lound  from the pulse-height  analyzer data  and compared  to 
the calculated curve. 

Curves   lor residual  maximum  energy,   as  given   in   (J.^U)   lot 
the alpha   particle  and  triton emitted   from Li"   exposed   to   thermal 
neutrons,   are  shown  in Figure   3.S.     Curve  1   shows   the   residual   energy 
of a  2.73-MeV   tritcn as a   function o*   dead-layer  thickness   ol   silicon. 
Curve  <!  is   the  same  for a  ^.OS-MJV alpha  particle.     Curve   1   is   the 
ratio  of   the   two  residual   energies  as  a   function ol   dead-layer  thick- 
ness . 

The   ratio method using a   Li  F-coated  detector- and   the meth- 
od using  two  alpha   particles   from  Pb may be  used   together   to detex- 
m.fne  the  thickness   of   the Li   F  layer  and  the dead   layer.     The ratio 
method will   determine  the detector dead  layer,   d,   and   the   two alpha 
methods will   give   the sum ol   Li"F  atd detector  dead-layer  thick- 
nesaes. A sin pie subtraction will   yield  the Li^'F  thickness. 

i -b    Li     Sdiidwieh 

,        While  the  principle of   operation of   the Li   -sandwich neu- 
tron spectrometer-  can be simply  stated,   the actual   operation   is com- 
plicated and  does  not  lend   itself   easily  to theoretical   analysis. 
The charged  particles   involved  are  ol  different  masses   and   charges   ami 
therefore do  not   follow the same  range-energy  relationship.     They are 
produced at  random over a range of  energies and directions,   depending 
on  the   incident   neutron energy and  direction      There  are,   however, 
two relatively   simple  speeial  cases  which can be  treated   theoretically 
and which give   some   insight   into   the general   behavior  of   the  (levin1. 
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The   lirbt    is   ü   cjlculüt iun   ul    the   iMicr^y  distribution   nl   tin    sun 
peak  resulting  Irum  thcrmaJ   nuutruns.     In  this  IüSC,   fut'li  rhui ^t-ii 
particio   is   produced   isut ropicdJ ] y  jud ut   J   single  uncr^y.     Ti i 
second   problem  considened   is   thiit   ul   ebtimating count ing id I i< HI,,', 

as  d   function  of   incident   neutron  energy and  detectoi   01 ientul in.,. 

i.b.i    Response ul   the Li    Sandwich  to Thermul   Ncutim, 

In   the  thermal   neutron     reaction  Li   (n.ajT.   the 
dlphd  particle  and  triton dre  emitted   isotropically   in   exjctly 
opposite  directions  dnd with   1 ixed  energies   L(JQ  dnd  L^j.     Die  sin- 
gle charged  particle energy  distributions  observed  by   either ol   the 
two detectors   can be calculated  directly  by  the method  derived   in 
Section   i.i.     An extension  ol    this  method  cdn  be  mdde   to determine 
the  form  ol   the  energy  distribution  ol   the  sum  ol   the   energies  ol   the 
two  charged   particles  as  d   function  of   radiator  and dead-layer  thick- 
nesses. 

A  plot   in  the   xp-plane   is  constructed   (Figure   i.i>) 
similar   to   thdt  ul   Figure   i.M,    except   thdt  d  second  detector deud- 
Idyer  region   is  ddded   to  the   right   ol   the  rddidtor   region. 

Fir  the  lirst   pdrt   ol   the  calculation,   assume   thdt 
the  alpha   particles  dre  observed  only   in detector #1   dnd  the  tritons 
in detector #^.     The second   calculation will   reverse   the  roles  ol   the 
two detectors,   and  the  linai   result  will  be  the  sum  ol   the  two calcu- 
lations. 

In  the   lirst   pdrt,    the dlphd   particle,   ds seen  by 
detector #1,   will   sdtisiy  the  equdtion 

x = Ka <Eua' " Ea;'^ <H-^ 

where the symbols have the same meaning as given in Equation i.lS. 
Equal energy curves will be straight lines through the point (0,0). 
A similar relation lor triton energy Ef ds observed by detector #J 
will be 

(d1 * d^ * g - x) = *TiZQT
y   - ET) M.        (3.<?ü) 

This equation will define d set ol equdl Ex lines through 

(dj ^ d^* g, 0). 

The method  ol   identifying d   point   on Figure   -1.0 
with a   particular  reaction and   the  observed  sum of   particle ener- 
gies   is   indicated  by  the   following example.     An  event   occirring dt 
depth xj,   as  measured  1rom  the depletion surface  of   detector #1, 
may emit  dn dlphd  particle,   in   the  direction given  by  M,    into detec- 
tor #1  with  observed  energy EQ =   U.7  MeV.    At   the  same   time,   d   tri- 
ton will   be  emitted   in exactly   the   opposite direction   from   i  depth 
dl+d^+g  -   X[,   dnd   in a  direction  given  by  the same  n,   and with  ener- 
gy Ej =   i.H MeV,   as  seen   1 rom  detector #^1.     The  sum  of   the   two ob- 
served  events  will   thus  be  Es  =   EQ +   ^T =   -^ • ^ MeV. 
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Since  the  totuJ   number  of   pjrlirlcs obscrvrtl   m  .1 
particular energy   intcrvdl   is  proport iunaJ   tu  the rurrt'spopd i n;^ JJ CJ 
on  the  xp-piut,   the number oi   events  giving  sum  pulses   bctuccn  .iwy 
two  values  ul   energy will   be proportional   to  the .MCJ  bt'twrci    th«' 
corresponding equdj   sum  energy  plots,   sJiown  us   broken  rurvcs,   mi 
the  xKi-plot.     For  example,   the number  of   events   hdviny uhserved 
totdl   energies   between  ^.S MeV dnd   3.U MeV will   le  prupurtionaI   tu 
the shaded area   in  Figure   i.6.     A direct   integration  between   sum 
curves   is difficult;   however,   tht  problem may   be  soived  graphically 
by determining  the  appropriate area  with d   planimeter. 

This  method  has  been used   to  calculate  the  thermal 
neutron response for dead-layer thicknesses  of   zero,   O.S micron,   dnd 
1.0 micron,   the results  of  whicn are shown   in Figuie 3.7.     Tie  in- 
crease   in dead-layer   thickness  from zero   to  1.0 micron causes   a   broad- 
ening of   the sum peuj.,   amounting to d  90  percent   Increase   in  the  FWUM, 
a   10  percent loss   in  peak  energy,   and  a   reduction  in peak  height   ul 
greater  than SO  percent.     A worse deterioration of  peak shape  occurs 
when   the dead-layer  thicknesses  of   the  two  detectors  are unequal . 
This   is   illustrated   in  Figure  3.8,   which shows  the double-peaked  dis- 
tribution  calculated   lot   the  case  in which   the  two detector   dedd- 
layer   thicknesses  were   O.b  micron and   1.1W  microns   respectively- 

These   examples  point   out   the  criticaj   need   for  u.1 - 
ing detectors with  very   thin  dnd  equdi   dead   1 dyers,   as well   us   the 
desirdbility ol   using d   thin  radiator. 

The   foregoing method   is   nut   applicable   in  general   to 
fast   neutron   incidence,   since  in this  case,   the  resulting charged 
particles are not monoenergetic and are pruduced  nonisotropically, 
due  to  the forward  component   of   momentum  in   the  reactions.     However, 
in  the  case of   fast   neuLron   incidence,   some   peak  broadening would  be 
expected,   due to  the  energy  spread of   charged  particles   from   the 
reactions.     Furthermore,   some shift   in  the  sum  peak  energy,   ds   d 
function  of  detector  orientation with  respect   tu  the  incident   fast 
neutrons,   would  be  expected,   due  to  the  furwdrd  cumponent   ol   mumen- 
tum  in  the reactions. 

i.b. d    Ellect   ul   Detector Orientatiun 

The   thermal   neutron  reaction  with Li     results   in 
the   Isotropie pruduction  ul   charged particles,   such tbdt   the  orienta- 
tion  uf   the detector   is   not   significant.     However,   ds will   be  shown, 
dn  dppreciable difference   in  counting efficiency  ds  d   function  ol 
orientation can  be anticipated  for fast  neutron redctions,   due  to   the 
resultant   forwdrd momentum  of   the chdrged   particles. 

If   the   incident  neutron,   whose  path   is  pardllel   to 
the  plane of   the detector,   reacts with  Li^,   the  resulting charged   par- 
ticles  will   each  enter  d   separdte detector   independent   of   dny   forwdrd 
momentum compunent,   except   lor the case  in which  the charged  particles 
dre  emitted   in directions   exactly parallel   to   the detector  plane. 
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Zero dead layers and radiator thickness are assumed in this case and 
in the following discussion, so that no slowing down losses will oc-
cur. In the case where the incident neutron is normal to the detec-
tor surface, it is possible thft both charged particles produced in a 
reaction will have resultant forward velocity components and thus 
enter the same detector. This event will not be detected and will 
therefore represent a loss in detection efficiency. In the normal 
incidence case, the condition under which both charged particles 
enter the same detector may be described as one in which the angles 
between each of the paths of the charged particles and the incident 
neutrons are simultaneously less than TT/2. The fractional loss of 
counting efficiency will therefore be the probability of this condi-
tion being satisfied. Counting efficiency as used here is the ratio 
of the number of detector sum pulses to the number of Li&(n,a)T reac-
tions in the system 

k Figure 3.9 is a velocity vector diagram for the 
Li (n,a)T reactions, in which the primed quantities are those observed 
in the center-of-mass system and the unprimed terms correspond to 
the laboratory system of coordinates. Conservation of momentum re-
quires and Vx to be opposite direct: ons. The corresponding veloc-
ities in the laboratory system are found by adding the system velocity 
Vg to each of these velocity vectors. The following relationships are 
noted from the vector diagram: 

V sin 9 = V sin 0, (3.27a) 
Q U 

VT sin cp = VT sin cp, (3.27b) 

VQ cos 9' + Vg = VQ cos 0, (3.27c) 

VT cos + Vg * VT cos «> (3.27dj 
» f 

cos 0 = -cos cp , (3.27e) 
t f 

sin 0 = sin cp . (3.27f) 
t 

A typical relationship betwean 0, cp , and 0 is shown 
in Figure 3.10 Counting losses occur whent0 and cp are simultaneously 
less f than TT/2 or when 0| < 0' < 02, where 0̂  and 0^ are the values 
of 0 for which cp and 0 are equal to TT/2, respectively. Setting 
cp = TT/2 in (3.27d), and using (3.27e) gives 

= cos Q[ = Vg/VT (3.27g) 

Setting 0= TT/2 in (3.27c) gives 

\±2 = cos 0̂  = - V/V^ (3.27h) 

where = cos 0. 

38 



Vo Va 

Figure   3.Q     Velocity vector  diagram  ior  tlic Li   (n,a)T reaction 
in  the plane  ol   the  reaction. 
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11   the   reactions  dn*  j; sunu-d   tu  be   isotinpii     ii    i In 
center-of-masb  system,   the   probability  thdt   un   ülplui   [j.iitii i'     .1,   he 
emitted  at   some direction M     in   Die   intervuJ   CIM'    is    ■ 1 \ 1 1    \<     {   •• 
Equa t ion   3.JM) 

N(M   )   du        - dp   • ( l.JH) 

The   tract^oriül   Juss  FL   is   found   by   integrdtin^ 
(j.<?8)   over  the  interval   9j   < Ö]   < tij,   thus: 

V , v„ 
f   « T , 

11 

2 » 
du 

J '-v va 

rJ 
11 

2 
du' 

1 

i/<ayvT - v^) 

i 

(i.29) 

The velocity ol   tiie center of  mass   in  the Jaburatury 
system   is  j^iven by 

'    =   ^—    V  , 
g      M    + M        n' h        n        g 

(i.iO) 

where Vn =   incident  neutron  velocity,   and Mn  and Mg are   the musses 
ul   the  neutron  and  Li"  atom,    respectively.     Conservation  ul   momentum 
in  the   center-of-mass   system  requires 

a a M v T   T' Ci. ii) 

where MQ and Mj are  respectively   the masses  of   the alpha   particle 
iind  triton.     Conservation  of   energy  requires 

Cl/^M V  ^  *(1/^M   (V     -   V  j^   ^  0      (W)M.v'   ^  + U/^M^v'   L'.    M. -IJ) 
g g nv  o % y ^ a T T 

where  Q   is   the  reaction  energy. 
1 f 

An  expression  ior VQ  is   found   Ly   substituting Vj 
1 rom   {i.il)   and Vj,   irom   {i.iO)   into   (-i.^l.     This   expression  and   thi' 
expression   for Vj   trom   (j.il)   are  substituted   into   [i.29)   to  give   the 
f inai   result 

ly =(1/^) 
n   v q        T^     n 

VT I Ma.; MT.; M" 1 En ii 
(j.iiu) 

Ma.MT 

Ul 



where Ln = Ci/^)MnVii     is   the energy oi   the   incident   neutron.     Sub- 
stituting  the numericaJ   values  ui   the masses   in   (i.iJa)  gives 

7E 

Representative vaiues ol l'i  and corresponding counting efficiencies 
are tabulated below lor several Vdlues ol neutron energy. 

Incident Neutron 
Energy E^ - MeV Fract ion Loss II Ell iciency 

pet 

0 .00 100 
1 .16 8M 
2 .21 79 
3 .2b 7S 
U .28 72 

10 . 33 07 
u .3S 65 
00 • Ui 59 

The above values are tor- the case ol nonndl lust- 
neutron incidence und are based on the assumption ol no loss due to 
slowing down oi charged particles ii, either the radiator or dead 
layers.  The results show that the counting elliciency ol the Li^- 
sandwich detector is strongly dependent on orientation. 

M.   ELECTRONIC REQUIREMENTS 10R NEUTRON MEASUREMENTS 

Neutron measurements are intended to measure static, or rapidly 
varying totdl Uux or energy spectrum.  The electronic systems re- 
quired to perlorm these functions are composed ol ü semiconductor de- 
tector, amplifier, and readout system.  In counting applications, the 
circuit speed is .1 primary importance, cither for high count rates 
or lor rapidly varying llux measurements.  In neutron transient exper- 
iments ol current interest, the entire observation muy extend over 
100 MS.  In order to observe any time resoluticn ol such dn event, 
the speed requirement ol the system is such that all system elements 
must be designed to the limit ol the present technology.  For neutron- 
energy spectrum measurements, the system resolution must be good. 
This requires a low-noise system which is inherently slower than may 
be desirable.  Requirements ol a particular measurement may dictate a 
compromise between low noise and last response, or some special cir- 
cuit techniques such as coincidence-gating lor particle discrimination 
A system designed specifically lor low noise and good resolution is 
discussed in detail in the section on the Lib-spectrometer electronic 
system.  Special considerations lor tast-ccunting circuitry are dis- 
cussed in the lollowing paragraphs. 

M.1  Requirements lor Fast CLunting 

There are numerous areas in which high-speed counting is 
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desirable;  for example,   during normal  start-up,   operation,   and  shut- 
down of  a  nucJear reactor,   the neutron  flux will   typically  vjry  over 
a  range of  10 orders  of  magnitude.     With presently available   instru- 
mentation,   it  is common to use three complete sets  of   instruments  to 
cover this  range.     In addition to the triplication  ol   instrumen.ation, 
the  reactor control  and safety systems  become complicated  sin.o  they 
must  respond  to several,   rather than a  single,   flux-monitoring sys- 
tems.    Due to  the fast  response of  the semiconductor detector,   a  sys- 
tem  incorporating it could be made to operate over a wide  range?  of 
counting rates,   and  thereby substantially simplify   the over-all   reac- 
tor  instrumentation,   which would result   in greater reliability and a 
lower installation cost.     A number of laboratories  are presently using 
pulsed neutron sources  to study neutron radiation  effects.     If   the 
duration of   the neutron burst  is shortened,   a very  high peak flux may 
be attained without  imposing serious health hazards and excessively 
activating the  equipment.     In order to measure adequately the time 
dependence   •!    uch a  neutron bu^st,   extremely high-speed counting 
techniques necessary. 

Counting of  discrete nuclear events at  high average repe- 
tition rates  results   in  information loss  due to the random arrival 
of  particles.     At  the present  state of development,   the upper limit 
on counting rates  is  in the order of 100 Mc/s.    To count  at   this  rate 
with not more than  30 percent  loss,   using nonpiralyzable triggers,   a 
system cycle time  (dead  time)   of  M  ns  is  reqi ired.     To maintain 
satisfactory  speed requirements  for  fast counting,   advanced  electronio 
components and  techniques must be used.     The most  promising approach 
appears to be  the use of   high-speed  trigger circuits whose output   is 
a  pulse that  is satisfactory for counting at  the above rates.     The 
outputs of  several  types  of trigger circuits  tested are acceptable 
for this purpose.     These  include the high-speed transistor,   the tunnel 
diode,   and the avalanche transistor trigger circuit.     Also,   a  trig- 
ger circuit  based on the secondary  emission pentode appears   feasible. 

Circuit speed requirements are severe for counting at  this 
rate.     The output of  a  typical  semiconductor detector  is a  fast-rising, 
exponentially decaying pulse which must be modified  for fast-counting 
applications.     The most desirable shape is a  rectangular pulse.     Such 
a  pulse can supply maximum energy per unit   lime to the load.     It will 
also have a  smaller probability of  piling up at high average repetition 
rates.    However,   the total  pulse width should be less  than  the cycle 
time of the trigger circuit it drives,   to prevent false triggering. 
To preserve the  rectangular shape of  the short  pulse,   the amplifiers 
must be able to pass  a very wide band of  frequencies.     A system de- 
signed for high speed will  perform satisfactorily at any lower average 
counting rate if  the pulse shape is maintained. 

The output signals from the semiconductor detectors are not, 
in general,   large enough to firo these trigger circuits.     Consequent- 
ly,   u4e of  the trigger circuit  requires at least some gain between 
the detector and  the trigger unit.     For the transistor and avalanche 
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triggers,   the voltage gain  required  is  1U  to  SU.     In addition,   the 
tunnel  diode requires a current  gain ol   the same magnitude.     The 
inherent low  impedance and small   output  ol   the tunnel  diode make  it 
most  difficult  to use  in practical  circuits. 

Fortunately,   the design ol   high-speed amplifiers  having 
the required  gain  is  feasible.     For example,   the Philco <?N769  tran- 
sistor having a maximum frequency   (ff)   ol  900 Mc/s can be used   in d 
five-stage common  emitter-common collector amplifier having an  over- 
all  gain of   32,   a  passband of  approximately  170 Mc/s  and a  rise  time 
of  approximately 1.7  ns. 

The above passband  is  based  on circuit  impedances which, 
when combined with  the  parasitic  capari »-ance of  the transistors,   re- 
sult  in RC time constants of less  th-.       ns.     However,   the semicon- 
ductor detector impedances are relatively high and the system pass- 
band  is consequently reduced.    3y selection of transistor operating 
points and design  for maximum system speed,   it   (y possible to dr; 

sensitive  (approximately 10 mV)  high-speed triggers   (pulse width less 
than 10 ns) with the semiconductor detector pulses associated with 
charged nuclear particles  having a wide range ot   energies.     Indeed, 
the only limitation on sensitivity  is   the system noise. 

Optimum operating points  for several  transistors useful   in 
the above applications are as  follows: 

Type 

2N769 
2N7Ü0 
2N7 3S 
2N97G 

Another element required in measuring systems is the logic 
circuit.  Logic elements in the nanosecond region require gain to 
compensate for parasitic 'osses. A typical AND gate uses emitter fol- 
lowers with a common emitter load.  Such a circuit appears to have 
rise times dependent only on parasitic elements which can be made rea- 
sonably small.  The OR gate uses the same circuit conliguration and 
yields similar performance.  Circuits of this type have been tested 
with favorable results when the circuit impedances were compatible 
with the parasitic elements.  Because ol the power dissipation ol the 
above circuits and the critical dependence ol speed on the circuitry 
geometry, the layout and packaging for these circuits is somewhat dif- 
ficult.  Speed requirements dictate very dense packing oJ the components, 
especially those directly in the signal path. 

At the present time, the speed of counting systems utilizing 
the solid-state detectors is limited by the available scaling circuits. 
Such circuits are available and are capable of operating at 100 Mc/s. 
Preamplifiers operable up to 160 Mc/s have been developed at Solid 
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State Radiations,   Inc.    Discriminators  operable at  8UU Mc/s  arc jvaii- 
ablc,   but   their  response  time  is ultimately limited  by  the  need  for 
amplifying the output pulse.     In conclusion,   one can say  thut   complete 
systems  are operable up to 100 Mc/s.     These may  be made   last er whe.i 
adequate scaling circuits  are  available. 

M .2    Li    Spectrometer -  Electronic  Sv-i^em 

This section contains  some comments  on  the basic operation 
of  the epithermal  neutron spectrometer,   a discussion of   the general 
requirements  of  the electronic system,   and a  comparison of  a  nurrber 
of possible systems  that  have been considered.     This  is   followed by 
a  discussion of   the design considerations used   in  developing  th    pres- 
ent electronic system and  a description of   the  individual  circuits 
which were   involved.     The section  is  concluded by a  discussion of 
operations  and calibration procedures. 

. The basic  detector consists  of  a  thin  film of   Li    or 
Li F sandwiched  between two semiconauctor detectors.     Neutrons 
incident on  the Li^  tlive rise  to the  reaction Liö(n,a)T,   f^om which 
the two resulting particles carry a   total  energy equal   to the sum of 
the incident  neutron energy plus  the  energy of  the  reaction.     Since 
the two particles  are emitted   in roughly  opposite directions,   gen- 
erally  they will  be captured  by  the  two detectors.     Each detector 
will  produce a  pi Ise proportional  to the  energy deposited by  the 
particular  incident   particle.     The sum of  the simultaneous  pulses 
from the two detectors will  therefore be proportional  to the  inci- 
dent  neutron  energy  plus  a  constant. 

The f irst  requirement  of   the electronic system   is  that 
it must  add   these  pulses and amplify  the  sums  to levels which 
can be observed by a multichannel analyzer.     It  is desirable to pro- 
vide enough  flexibility in gain and output pulse shape that  the sys- 
tem can be used  in conjunction with any of  the several multichannel 
analyzers  in common use.     In addition,   the system has to be linear, 
with low noise and good stability    to  indicate the neutron-energy 
spectrum with good  resolution.     The system should be capable of 
operation up  to a  counting rate of  10^  counts/s,   to  fully  utilize 
the capäb-ility  of   most multichannel  analyzers. 

The pulses   from the  two detectors resulting from a 
particular Li   (n,a)T  event  occur  simultaneously.     It   is   therefore 
possible to  eliminate single pulses  from »nther  detector due to noise 
or single particle reactions  by observing only  those pulses which 
occur  in coincidence.     Accordingly,   the second  requirement  of   the 
electronic  systan   is  to gate the signal  such that  only  those pulses 
which occur  in coincidence will   be analyzed.     The coincidence resolv- 
ing time should  be as  short  as  possible for the system to  best 
accomplish  this   function. 
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Electronically, the semiconductor detector may be 
considered a capacitor onto wh-Lch a charge is deposited proportional 
to the energy of the nuclear particle detected. The system response 
should be independent of variations in detector capacitance or cable 
capacitance. Therefore, the manner in which the charge is removed 
from this detector capacitor will critically affect the operation of 
the system. The system must provide a low-noise sum output whose mag-
nitude is proportional to the energy deposited in the two detectors 
at any given time, and, in addition, fast-response signals to operate 
a coincidence gate. 

Typically, the physical layout of a neutron facility 
in which the spectrometer may be used will require remote operation, 
due to the necessary personnel shielding. Generally, the sensing 
unit must be small and free of hydrogenous materials or strong neu-
tron absorbers so as to minimize perturbation of the neutron flux 
being observed, and to minimize activation of the spectrometer elements. 
It is also desirable to minimize the over-all physical size and power 
requirement of the system, inasmuch as it can be accomplished without 
compromise. 

4. 3 Comparison of Possible Electronic Systems 

Basically, two completely different electronic systems were 
studied in detail. The first consisted of two preamplifiers, one for 
each detector in the sandwich. Each preamplifier was connected to a 
mesa or positive side of one detector, essentially as was done when a 
single detector was used as a charged-particle spectrometer. Each 
preamplifier provided signals to the summing circuit, as well as to 
the coincidence and gating circuits. A schematic of this system it, 
shown in Figure 4.1. In the second system, Figure 4.2, the two detec-
tor mesas were connected together and a single low-noise preamplifier 
was used for the sum signal. The fast-coincidence signals were ob-
tained by using low-impedance)common-base amplifiers in series with 
each detector. 

Several variations of the two basic systems were evaluated 
with the result that a particular variation of the second system was 
chosen as the one that would best fulfill the over-all requirements 
for the spectrometer. Some of the considerations used to evaluate 
various system components and the arguments for the ultimate choice 
of the final system are discussed in the following paragraphs. 

A configuration which was chosen for evaluation on the basis 
of its low input capacitance and minimal space and power requirements 
consisted of dual transistorized preamps located close to the detec-
tor. This arrangement was basically unsatisfactory. The best, high-
input, impedance transistor-amplifiers had noise-to-signal ratios 
from 5 to 6 times greater than a comparable vacuum-tube design. This 
presented a major problem. Also, the requirement of fast response 
inevitably increased the system noise. The preamplifier in close 
proximity to the detector may have become radioactive and caused 
some perturbation in the neutron flux. After continued operation, 

46 



4-( 

J 

5 

5 

•H 

U7 



uj     or 

225 
Ui < 

H        < 

i 
UJ 
z 

UJ 
UJ cn 

5 = 
(9 0. 

UJ 
N 

0) 

o 
u 
a 
7) 

c 
o 
u 
•u 
3 
z 

(M 

h 

•H 

U8 

■■■■ 



some degradation of a transistor-amplifier would be caused by the 
radiation fields close to the detector. While the detector would 
suffer similar radiation damage after exposure to fast neutron doses, 
10̂ -2 or lOlVcm^, it could be replaced more readily than the entire 
preamplifier assembly. 

A second possible method of obtaining the necessary signals 
was to use a vacuum-tube, low-noise, charge amplifier for each de-
tector. Even with only a few feet of input cable to the detector, 
the noise of this system was lower than that observed with fast-re-
sponse transistor preamplifiers in close proximity to the detector. 

Some of the problems encountered in this second system are 
listed below: 

1. Power - The two vacuum-tube charge amplifiers required 
B+ voltages of around 250 V at 50 mA and 6.3 V at 1 to 2 A for the 
filament supply. 

2. Space - The power supply and charge preamps required 
a rack mount, which resulted in reduced portability. 

3. Adjustment - The use of two amplifiers to obtain a sum 
signal required a precise balancing of gain to obtain a good spec-
trum. 

4. Response Time - With low input capacitance, the rise 
time of the low-noise, vacuum-tube, charge amplifier could be made as 
fast as 150 ns. However, the addition of the input cable to the 
detector increased the input capacitance and reduced the bandwidth 
to the ppint that the coincidence response time was marginal. 

5. Noise - If it is assumed that separate preamplifiers 
are cable-connected to each of the detectors, the signal-to-noise 
ratio at the sum output will be 

Signal #1 + Signal #2 2 Signal #1 2 S, m I 

"Y (Noise #1)2 + (Noise #2)2 *2 Noise #1 *2 

where S = Signal #1 Signal #2 is the signal-to-noise ratio of a 
N ~ Noise #1 ~ Noise #2 

single preamplifier-detector arrangement. 

This result was obtained because the signals are added alge-
braically, while the noise is random and follows an RMS addition. This 
is an improvement over the signal-to-noise ratio of a single amplifier-
detector section, but is 1̂  times less than that which could be obtained 

VT 
if the charge of both detectors could be summed at a single amplifier 
input. In this case, 
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Signal (Pet *1) + Signal (Pet #2) = 2S , (4.2) 

Noise (Amp) 

where Signal #1 = Signal #2 = S. 

To obtain this result, the detector noise was assumed to be 
negligible in comparison with other noise sources. 

On the basis of this comparison, the system which was cho-
sen for further development consisted of a common input from both de-
tectors to a single-charge amplifier used to provide the sum signal 
(Figure 4.2). The fast-rising coincidence signals were then obtained 
by use of low-impedance, common-base amplifiers in series with each 
detector. 

The advantage of this configuration over the dual-charge 
amplifier system previously mentioned are as follows: 

1. Independence of the low-noise charge-sum signal and 
the fast-rising coincidence signals. 

2. Increase in signal to noise due to the use of a sin-
gle low-noise charge-amplifier to collect the charge from both detec-
tors . 

3. Elimination of the charge-amplifier summing circuit. 

M. Elimination of need for precise balancing of the two 
charge-amplifier gains. 

The major disadvantage of this circuit was the possibility 
that one detector could become loaded from the other and thereby lose 
signal at the charge-amplifier input. An analysis of this circuit 
showed the loading to be negligible when the capacitance of the charge-
amplifier was very large compared to the capacitance of the detectors. 
The procedure for this analysis is shown in Appendix A. 

The major objections to the conventional vacuum-tube charge-
amplifier, i.e., space and power requirements, were essentially elimi-
nated by the development of a hybrid charge-amplifier that used two 
subminiuture vacuum tubes and four transistors. With this arrange-
ment it was possible to incorporate the advantages of the low-noise 
cascode input stage, as well as a low-noise vacuum-tube, first-gain 
stage, while transistors were used for the less critical circuit 
functions such as later gain stages and impedance matching. Since the 
low-noise requirements for the coincidence function were not as 
stringent, it was possible to use more conventional transistor cir-
cuitry for this purpose. The hybrid preamplifier and transistorized 
coincidence preamplifiers were incorporated into a system that satis-
fied various other requirements such as physical layout and available 
output signals. 
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U. U    Design  Cuns ideratioiis 

This  section discusses   the generaJ   tuiirtiun  t)l   the  -,. .inn 
und   includes  some  ol   the detailed  eonsideratiuns  used   in   the  design 
ot   individual  circuit  components.     The  functiunaJ   arran^i'nu-nt   nl 
components   is  shown   in Figure  ll. i. 

H.H.I     System Operation 

, System operation  begins  when a   neutron   interacts 
with  the Li     converter.     The  resuitant   aipha  and   triton   particles 
arc absorbed   in   individual   detectors   and   produce  a  charge  proportion- 
al   to  their   initiai   energies.     This   charge  is  summed  at   the  common 
mesa  connection and  coilected  by  the  charge-amplifier.     However, 
the current   (-dq/dt)   Irom each detector   is  sjen  by  the  corresponding 
coincidence  amplifier   inputs,   and  a  signal   proportional   to  the  parti- 
cle energy   is  produced  at   the  output- 

The   resuitant  charge  sum  and coincidence  signals 
were cabJe-connected   from  the  preamplifier unit   to a   remotely  1 )cated 
control   unit.     In   the  control   unit,   the  charge-sum signal   underwent 
additional   gain  and   pulse shaping.      Coincidence  signals  went   into 
discriminators,   the outputs  of  which were  diode-clipped   to a   fixed 
level,   summed,   and  used   to drive  the  coincidence  trigger.     Amplitude 
discrimination  should   cover a   range up  to   ^ McV,   i.e.     the  energy  oi 
the aipha  particles   produced  by  thermal   neutrons.     The  output   of   the 
coincidence   trigger was  used   to gate   the  charge-sum  pulse  into  the 
multichannel   analyzer.     Direct  operation   into a  variety  of   transis- 
torized multichannel   analyzers  could  be  obtained  by  providing  a 
variable sensitivity,   plus  or minus  sum  output which was  shaped with 
1   MS RC-integration and differentiation.     For operation  into  vacuum- 
tube analyzers,   an  unshaped  negative  output with variable  sensitivity 
was  provided.     This  output was applied  to  a   post  amplifier  to  obtain 
the necessary  gain and   pulse  shape. 

U . U. c!    Tharae-Sum Preamplifier   CHybrid) 

A  schematic  for this  vacuum-tube  transistor-preamp- 
lifier   is  shown   in  Figure U.U.     The  purpose  of   this  design   is   to  ob- 
tain  the  low-noise  characteristic  oi   vacuum-tube circuits  while main- 
taining  the  compactness   and   low-power  requirements   of   transistorized 
circuitry. 

The  preamplilier   required  a  US-volt  B+   power   oi 
less  than U.b watts,   as   compared with  the   typical   requirement   ol   {H) 
watts  for  conventional   hard-tube  ampli1iers.     The  subminiature   lila- 
ments were  heated   by   the  s mie  «^S-volt   supply used  for  the  coincidence 
preampli1i er. 

The   preamplilier  consisted  ol   two  basic   feedback  am- 
plifiers.     The  input  stage provided  the charge-sensitive  feature,   whih 
the  second stage was  a   low-noise  voltage   feedback stage with  an  emit- 
tor-follower  output   lor  cable driving.     A   test  pulse may  be   introduced 
through a   d. ti  pi   series  capacitor.     The  equivalent   input   charge  oi 
the   test   pulse  is  QQ   =   (Vpulse)(Ctest)• 
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U.4.3    Input-Tube Considerations 

The primary consideTation for a  low-noise preampli- 
fier  is  the operating condition ol  the first  tube.     The primary 
noise sources are shot noise and grid current noise.    Flicker noise 
and thermal noise of  the input resistors were reduced to insignifi- 
cant values by use of large resistors and RC time constants shorter 
than 3 |is.    The thermal  noise of  the plate-load resistor was small 
as compared with the shot noise,   as long as  there was a significant 
voltage gain from the grid to the plate-load resistor.    This was al- 
ways the case with the cascode input.    A secondary noise source, 
which can be neglected,   is the induced grid noise. 

The equations for shot noise,   grid current noise, 
and total noise in terms  of  the equivalent mean-squared-charge at 
the input grid are 

m 

Q(ig*id)' ^W T x 10'2 ^-v 

where T = Time constant, 

C = Total cold  input  capacitance as  seen by  the gxid, 

I = Grid leakage current, 

I. = Detector leakage current, 

G      =    Mutual conductance, m 

The minimum noise occurs when G     is  large,   (Ia+Id) 
is small,   and T is adjusted to make the two noise contributions equal. 
Optimizing these terms  for lowest  noise results  in large values of 
T,   and  the count rate  is considerably reduced. 

It has been  found,   by compromising with the ratio 

1   +I
1 

G 
m 

and T,   that satisfactory signal-to-noise ratios  have been obtained 
with T =   1 |as.     The corresponding operating conditions on the input 
tube  (Sylvania  5904) are G    =   5,UU0 ^mihos,   I    =  ^0 X lü"4 amperes. 



A plot of noise versus time constants  (T)  for 
several values  of  C is shown in Figure 4.5.     The noise is measured 
as  the FWHM of a  pulse generator peak on a multichannel analyzer. 
The relation between FWWI noise and rms  noise is 2.4m  (rms)  = FWHM. 
This plot shows a minimum at T s 1 |as  for zero detector capacitance. 
As the equivalent capacitance is increased,   the minimum shifts to 
longer time constants.     However,   the addition of detector leakage 
current would tend to keep the minimum of 1 |is.    Figure 4.6 shows 
the same data plotted versus C,  with T held constant. 

4.4.4    Charge Loop 

The purpose of a charge-amplifier is  to provide an 
output signal that  is proportional to the charge input,   and that is 
independent of the input capacitance.    This was accomplished by means 
of a loop consisting of a high-gain amplifier with capacitance feed- 
back.    The analysis  of such a loop is shown in Appendix B. 

The preamplifier charge loop was contained  in the 
input tube V101 and the two transistors Q101 and Q102  (see Figure 
4.4).    Transistor Q101 was connected in a common base configura- 
tion and acted as  the top of the input cascode.    The emitter-fol- 
lower,  Q102,   served as an output stage and drove the capacitor feed- 
back loop containing C108,  R110,   and Rill.     This transistor also 
drove a feedback loop through C107 to bootstrap the load resistor 
R108.    Due to this bootstrapping,   the resistor had an apparent value 

of R        =      R1Q8 ,   which is equal  to 390K,   where the emitter fol- 
lpp      1-A(Q102) 

lower has a gain A =  0.9.    The purpose of this configuration was to 
obtain a high open-loop gain with a minimum phase shift.     The calcu- 
lation of the open-loop gain is given in Appendix B. 

The observed charge stability of this circuit. 
Figure 4.7,  was measured to be a 7 percent loss in gain,  with a  varia- 
tion in input capacitance of 100 pF.     The dc stability of Q101  and 
Q102 was assured by using stability factors  S of less than 2, 
where S = 1 +  (R,        /R     .„<.)• v base/ emitter' 

M.4.5    Voltage Loop 

Due to the low output voltage of the charge loop, 
it was necessary to use a low-noise input  for the first gain stage. 
The preamplifier voltage loop used a   (Sylvania)  5904 vacuum tube  (V102) 
for  this purpose.     Transistor Q103 completes  the voltage loop and Q104 
provides an emitter follower output for driving the cable.     The 
5 nf  capacitor  (C116) was used to maintain the low-frequency response 
with a 91-ohm cable.     The open-loop gain of V101 and Q103  is the 
product of the individual gains. 

Thus 
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.  L 

where      U »  gain of  the tube VIOiJ =  20, 

Rp =  plate resistance «s 4KA, 

R.   ■  parallel impedance of R115 plus  the  input impedance of 
Q103,   i^,   (rL + ßrc) =  IK A. 

Therefore,   the gain of this section is 

A =   (20) (1) ,  ^ ri| 5a) AV102 (5) ^• l^-baj 

Similarly,   the gain of Q103  is 

R118 
'Q103 ' r 

R118_^R117=ä130! (l4t6b) 

e 

Therefore, the total gain is 

A A(V103) (Q103) = «%» 500. (4.6c) 

With feedback,   the closed-loop gain is set by R118/R117 =  10, which makes 
the loop very stable to component variations.     The dc stability fac- 
tors, 

for Q103 and QIO1* are less  than two. 

*♦.**.6    Charge-Sum Gain and Pulse Shaping 

This circuit  is shown in Figure '4.8.    Transistor 
Q301 is used to provide additional gain for the charge-sum signal. 
The sensitivity of this signal  is changed by control of the 10 to 1 
attenuator  (R323 and R306)  at  the Q301 input.     The emitter follower 
Q302 drives  the undipped    output and the RC pulse-shaping network 
(C307,   R313,  R314,   and C309).     In this network,   (C307)   (R313) = 
(R31»0   (C309) = 1 MS.    To prevent loading,   the resistance of R313  is 
less than R314 and the capacitance C307 is greater than C309.     Tran- 
sistor Q303  is an inverter to provide plus or minus outputs.    The 
emitter follower Q30^ provides a low-impedance output to drive the 
multichannel analyzer. 

•4.4.7    Coincidence Preamplifier 

The coincidence preamplifiers    use a common-base 
input stage,   four common emitter gain stages,   and an emitter follower 
output stage.    The identical  preamplifiers for channels 1 and 2 are 
constructed on a printed circuit card.    The circuit schematic is 
shown in Figure 4.9. 
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The Input stage is biased so the input impedance is 
approximately 50 A.  This is done to provide a termination for the 
detector cable and to keep the series impedance small, as compared 
with the detector series resistance. The preamplifier rise time and 
fall time are controlled by the detector time constants and the time 
constant of the collector load of the input.  In the discussion of the 
detector-preamplifier input (Appendix A) it is shown that the current 
pulse through the common base input is Q^/RC e -t/RC. Transferring 
this input to the equivalent RC load impedance of the input transis- 
tor by the common-base current gain (a) results in a voltage at the 
collector of 

Q  /  "A  \ I     -t/RI-CL      -t/RDCD] e°-Mwv^   |e -e       '•    ('-7) 

This result is developed in Appendix C.  The expression shows that 
the output rise time and fall time are controlled by the detector and 
input stage-time constants, and the output magnitude is a function of 
the charge (Q) deposited on the detector. If RyCr = 2RDCD, the output 
is approximately 0.25 mV/MeV.  For the circuit values, this signal 
rises in about 100 ns and decays in about 250 ns.  The 100-ns rise 
time and 0.25 mV/MeV set the gain and bandwidth requirements for the 
common emitter-gain stages.  The gain must be sufficient to drive the 
amplitude trigger, and the bandwidth of the amplifier must be large 
enough to maintain the input rise time.  Expressions for gain and 
bandwidth are also given in Appendix C.  Due to the system require- 
ment for a wide range of energy discrimination, the amplifier gain is 
made adjustable by F255 to reduce the threshold variations on the 
amplitude trigger. The operating point stability of the amplifier is 
ensured by dc stability factors 

of less than 2.5. 

tl.M.S Amplitude Trigger and Trigger Sum Circuit 

This circuit is shown in Figure 4.10.  In this cir- 
cuit stages QMOl, Q403, and the diode CR'402 provide one trigger and 
Q402, Q40U, and the diode CR«403 provide the other.  The stages Q405 
and QM06 provide the sum element and Q407 is a sun. gain stage.  The 
sum output is coupled to the coincidence gate by the emitter-follower 
QM08. 

Since both trigger circuits are identical, only 
the amplitude trigger containing Q^02,  QM0M, and CRMOS is discussed. 
This trigger stage, Qt402, is biased on and QUO1* is reverse biased in 
the quiescent state.  When a positive input signal is applied to Q402, 
the current is reduced and the voltage at its collector goes toward 
ground.  The negative voltage change is coupled to the base of Q404 
and causes the current to increase.  If this negative swing is 
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larger than the reverse bias of QUOM, an increase in current occurs. 
This increased current flows through the. common emitter-resistor 
RUIO, and the emitter-to-ground voltage of Q«402 is reduced. This 
reduces the current through QU02 further, and the loop is regenera- 
tive until Q40U is saturated. At this time; essentially all the 
supply voltage is across CRUOd and R420.  The coupling capacitor 
CMOS then charges to the new base voltage of QU04 with a time con- 
stant determined primarily by M09  and CU06.  This charging current 
flows through the emitter-resistor RUIO and holds Q»402 off until the 
current decays to the point where the emitter voltage of Q402 ap- 
proaches its base voltage.  When QH02  is forward-biased, current 
flows through its collector resistor, and a positive voltage change 
is produced.  This voltage change is coupled to QMCW, which initiates 
cutoff. The cycle is completed when QH02  is on and QUOM is off. 

Amplitude discrimination is controlled by adjustment 
of the reverse bias voltage on QUOM. This adjustment is made by 
using the 10 KA potentiometer R^m to control the base voltage operat- 
ing point. 

The trigger output is taken across the silicon 
diode, CR U03.  The magnitude of this signal is set by the forward- 
biased voltage level of the silicon diode and is independent of the 
input signal magnitude.  The rise time of this diode voltage is 
very fast, since it is a small portion of the total collector swing. 

U.U.9 Coincidence-Sum Amplifier 

The trigger outputs are differentiated by CU08 and 
RU2U to obtain fast-rising, narrow pulses.  These outputs are then 
used to drive the common emitter stages Q405 and QUOe.  The use of a 
single collector resistor for both stages provides an output signal 
which is proportional to the sum of the trigger outputs.  This sum 
is amplified by the common emitter stage QU07, and the 5 K poten- 
tiometer RU32 is used to control the sum amplitude which determines 
the coincidence time. 

The operation of the coincidence circuit is illus- 
trated in Figures U.ll and U.12.  In the first figure, the two trig- 
ger pulses arrive in exact coincidence and the peak value of their 
sum exceeds the coincidence threshold. The coincidence trigger is 
fired, which Jesuits in the output gate pulse.  By contrast, in Figure 
'1.12 the two trigger pulses, of the same shape and amplitude as in 
the previous case, arrive at slightly different times.  The sum is a 
broad pulse having a peak value less than the coincidence threshold, 
after which no further action takes place.  The gain of the coinci- 
dence amplifier is adjusted so that the coincidence-sum value of 
both discriminator outputs just exceeds the threshold level required 
to fire the coincidence trigger.  This condition represents the 
minimum allowable time separation between the alpha-particle and tri- 
ton pulses.  The threshold level is then decreased by an amount neces- 
sary to account for the time jitter of the system, i.e.. the width of 
the coincidence gate pulse. 
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M.U.lü CoijTcidence Trigger 

Tliis  circuit   is shown  in Figure U.I 3.     Transistors 
Q501  and QSO^ provide the emitter-coupled  trigger element.     Tran- 
sistors QSÜ3  and QSOM  provide  the positive  polarity  cuincidence- 
trigger pulse,   and  transistors  QBUb,   QSUü,   and QSU7   provide  tlie  ntgd- 
tive output.     The variable capacitor,   CSU<?,   provides d  pulse-width 
adjustment   from 2 us   to  S |is.     The  potentiometer,   RS^U,   provides 
amplitude adjustment   irom  5  to IS V.     Operation ol   the  trigger cir- 
cuit will  not be discussed because  it  is   identical   to that  of   the 
amplitude trigger circuit.     The only  exception is  a   fixed  threshold 
level   on transistor QSUtf. 

M.U.H   Power Supplies 

The power supply schematic  is shown  in Figure 
M.IM.     There are  three basic power supplies   for the system: 
the +MS-volt  and  -»-^S-volt,   and  a detector-bias  supply which varies 
from U to 1UÜ V.     The +l4b and -«-^S-volt supplies are  full-wave rec- 
tifiers,  with RC filters  and a difference amplifier that compares a 
Zener reference with an output  sample  from a  voltage divider.     The 
voltage divider  is   variable and allows  small  adjustments  of   the power 
voltage around the  nominal  value.     The Zener reference is  bypassed 
by capacitors  to reduce  the Zener noise.     The detector bias  supply 
uses  a  shunt Zener regulator because  the maximum current required 
is 1 mA.    The   iupply  voltage is controlled  by the potentiometer 
across  the Zener. 

4.4.12 Wiring Diagrams 

Wiring diagrams  for  the control cabinet,   preampli- 
fier cabinet,   power  cabinet,   and  the  detector  cables  are shown   in 
Figures  4.IS,   M.10,   and 4.17,   respectively.     The printed circuit card 
holders  are  numbered   Fj,   P^,   through  Px•     This  numbering system 
corresponds   to  the circuit  card  numbers  1331-1,   1331-2,   through 
1331-x.     For  example,   the  receptacJe  Pi   on  the  preamplifier wiring dia 
gram  is  used with  the charge preamplifier  1331-1A. 

4.S    PhysicaJ   Layout  ol   the System 

The  system  consists  of   the   following cable-connected  units 
containing  the elements  as   indicated  below: 

1.     Hermetically  sealed solid-state detector and  its  con- 
nector. 

1.     Preamplilier unit. 
a. Charge-sum amplilier 
b. Coincidence amplifier No. 1 
c. Coincidence amplifier No. 2 
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3.    Control  unit. 

a. Charge-sum gain and shaping 
b. Amplitude  triggers No.   1  and No.   2 
c. Coincidence-sum amplifier 
d. Coincidence trigger 
e. +H5V dc supply 
f. "t'25V dc supply 
g. 0 - 100V dc supply 

The control unit, which could be remotely connected 
from the detector and preamplifiers, provided the following outputs 
and provision for testing and adjusting the system: 

4.5.1 System Outputs 

a. A   (+)  polarity-shaped output proportional  to 
the sum charge of  the two solid-state detectors. 

b. A   (-)  polarity-wideband output proportional  to 
the sum charge of the two solid-state detectors. 

c. A   (+)  polarity-coincidence trigger which gates 
the multichannel analyzer when coincidence events  occur in the two 
solid-state detectors. 

4.5.2 System Test  Points 

a. Coincidence amplifier No. 1 and No. 2 outputs 
(TP7) and   (TP8). 

b. Coincidence-sum output   (TP9). 
c. Detector bias voltage   (TP4). 
d. 25-volt  B-»   voltage (TP5). 
e. 45-volt B+ voltage  (TP6). 

4.5.3 System Adjustments 

a. Amplitude-trigger No.   1 sensitivity. 
b. Amplitude-trigger No.   2 sensitivity. 
c. Coincidence-time adjust. 
d. Coincidence-trigger amplitude. 
e. Coincidence-trigger pulse width. 
f. Charge-sum sensitivity V/MeV. 
g. Charge-sum polarity. 

4.5.4 Test  Inputs 

The preamplifier unit contained test input points 
TP1, TP2, and TP3, where a simulated charge could be injected into 
the system with a  fast-rise,   exponential-decay,   pulse generator. 

4.6    System Calibration and Checkout  -  General 

System checkout and  initial  calibration is made with a 
mercury relay-pulse generator to simulate nuclear-pulse inputs. 
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The final  system calibration uses a nuclear source and multichannel 
pulse-height analyzer. 

For the initial    checkout and calibration,   the procedure is 
as follows: 

1. Attach the system by connecting cables. 

2. Power supply - Check power supply outputs. Adjust 
to •♦•25 and +45. (The system operates properly when these values 
are within + 10   percent    of  their design values.) 

3. Bias supply - Adjust detector bias supply to operating 
voltage  (50 to 100V,   depending on the individual detector). 

4. Charge amplifier  -  Connect a mercury-relay pulse gen- 
orator to  the    charge-amplifier test point.    A negative pulse of 
approximately 40 mV into a 91-ohm terminated cable  gives an output 
pulse from the sum amplifier roughly equivalent  to a detected nuclear 
particle of  energy of 2 MeV 

5. Preamplifier gain adjustment -  Connect the pulse 
generator  to the two coincidence preamplifier test  points and set 
the pulse at +40 mV.    This approximates a 2-MeV signal.     Connect the 
oscilloscope to the BNC test point on the control cabinet.    Set the 
test selector switch to amplifier No.  1 position,   and adjust the 
amplifier gain until a signal  of 0.4 V is observed.    Adjust the other 
coincidence preamplifier gain  in the same way.     (The purpose of  this 
gain setting was to provide a   threshold of  0.4V for the amplitude 
trigger). 

6. Amplitude-trigger adjustment - Observe the trigger out- 
put on the oscilloscope connected to the BNC test point with the 
test selectro turned to the trigger sum position.     Set both trigger 
adjustments   to off.   i.e.,   extreme counterclockwise  position.     Turn 
up first  trigger adjustmrnt until a   triggered condition appears on 
the scope.     Increase second trigger adjustment until  a wave form of 
twice this  amplitude is produced-     (The output wave  form  is  that of a 
differentiated square wave,   and  the amplitude  is controlled by the 
gain setting of   the trigger-sum amplifier). 

7. Coincidence time  adjustment  - Make adjustment by using 
a predetermined  length of coaxial cable on one proampj-if ier for a 
delay line.      (The delay is appr -x imately  i  b nanoseconds  per foot of 
R558/CU cable.)     Connect the osciJJoscope to the coincidence output, 
and increase the pulse generator to approximately GO mV to remove 
the half-trigger condition.     Turn  the coincidence  time adjustment  to 
maximum to obtain a  trigger setting for the oscilloscope,   then turn 
the time adjustment down until   the half  trigger condition  is observed. 
This setting corresponds  to the  delay   time ol  the  input cable. 
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5.       DCPERIMENTAL EVALUATION OF NEUTRON CONVERTERS COMBINED WITH P-\' 
JUNCTION DETECTORS 

5.1    Coated Detectors 

Several  detectors,   combined with  the neutron-sensitive 
materials discussed in Section 2,  were  exposed to various  neutron 
sources to determine the characteristics of  their response.     The nature 
of  the energy distributions and neutron detection efficiencies were 
observed as functions of coating material,   detector dead-layer thick- 
ness,   and discriminator settings.     The results are compared  to those 
found from the theoretical expressions developed in Section  3. 

5.1.1 Apparatus 

The thermal neutron flux used for the observations 
discussed in the following paragraphs was produced by «s 1-curie, 
polonium-beryllium,   neutron source placed in the center of  a cylin- 
drical paraffin cask.    A specially designed detector holder,which 
extends  into the maximum flux region,   was  inserted into a well  in the 
cask.    Ifhile the neutron flux was not calibrated,   the detector as- 
sembly could be accurately positioned in the well so that valid com- 
parisons could be made between successive exposures. 

The detector holder was designed to allow  easy 
interchange of detectors and also of the small discs onto which the 
neutron charged-particle converter material was deposited.     The detec- 
tor disc assembly w^s  enclosed in a container which could be  evacuated 
during the observations  to prevent charged-particle energy loss   in 
traversing the gap between the surfaces  of  the converter and detector 
During operation the detector and converter material surfaces were 
held parallel with a  gap distance of approximately 1 mm.     This 
arrangement permitted detectors and radiators  to be interchanged  for 
comparison without significantly changing the characteristics  from 
those of a detector on which the radiator material was coated directly 
to the surface. 

Pulses  from the detectors were amplified by a 
low-noise level,  charge-sensitive amplifier and displayed on a multi- 
channel analyzer.     The amplifier noise was less  than the equivalent 
of  10 keV FWHM,  while the complete system including the detectors  had 
a  noise level  of 22 keV FWHM. 

5.1.2 Experimental  Procedures 

The observations were made with three detectors, 
each with a different dead layer and a different radiator on each of 
the three detectors.  The radiators used were Li , B-^ and U   . 
Higher-energy alpha particles, M.76 MeV from U234 ancj 6.05 MeV and 
8.78 MeV from Pb^-^, were used for calibration of the amplifier and 
multichannel analyzer system and for detector dead-layer determina- 
tions. 

The first step in the evaluation procedure was the 
determination of dead-layer thicknesses of the three detectors.  These 
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values were used  to calculate neutron counting efficiencies,   whirli 
were then compared to the experimentally observed Vdlues.    A com- 
parison between  the theoretical   and   experimental   results  gave an 
indication  of   the validity  ol   the  theoretical  method. 

5.1.3    Determination of  Dead-Layer Thickness 

Dead-layer  thicknesses  for the detectors were 
determined by four independent measurements,   the  results  of  which arc- 
tabulated  in Table 5.1a.     In  the  first determination  the distribution 
of alpha  particles  from the B^^   (ri,a)  Li^ reactions   in a  thick lMu 

radiator was observed.    The extrapolated upper energy of  the distri- 
butions T was  observed,   and  the dead layers were calculated  from the 
equation: 

d =  KF     - KF, (5.1) o 
where the meaning and values of the terms are given in an earlier 
section (Section 3.1). An earlier system calibration based on th 
observed Pb^    alpha-particle energy  distribution was  assumed. 

The alpha-particle energy distribution above Ü.68 
MeV emitted  from the thick B^  radiator is shown   in Figure 5.^ as 
observed by  two of  the detectors.     The energy distributions  in 
Figure 5.1 were calculated for comparison by Equation  (3.1<?).     The 
calculated curve corresponding to d =   Ü was  normalized  to the exper- 
imental data  in Figure b.2,   where  it  is shown as  a  broken curve. 
The qualitative agreement between  the calculated and observed distri- 
butions  is quite good. 

A second measurement of  dead layer was made by a 
similar procedure with the H.lb MeV alpha  particles   emitted  from 
[jt3l4  contained  in  a  thick uranium  radiator.     The  neutron  source was 
not  used,   since  the disintegrations  producing  the  alpha  particles  were 
spontaneous.     This  source was  chosen  because  the  higher  energy alpha 
particles   permit   better observation  of   the thicker  dead  layers  than 
tl.il   wlu'cli can  be nuulc with  the   relatively low-energy  dipha   particles 
I i om   Llie  H       reaction. 

A   third  determination  ol   dedd liver   was  made by 
observing  the 6.0U-McV alphd   peak   1 rom d  thin  Pb^l*   source  placed  d 
few centimeters   from  the detector.     In  this configuration  the observed 
peak  has  a   FWHM of   less  than   3U   keV.     A  shift   AE MeV   in  the observed 
peak  energy  results  from a  detector dead  layer, d, given  by 

A  L 
dL/dx ^•2) 

where d  is   in microns  dud  diydx   is   li. MeV/micron.     The  value diydx   is 
found   from  slowing-down datd. 

The  iiiuij   method   ol   determining dead-layer  thick- 
ness  depends   on  the  relative  positions   of   the upper  edges   ol   the dipha 
particle peak and  the triton  pedk   from  the reaction Li"(n,a)T,   as 
discussed  earlier  in   (Section   i.S).     The distributions   shown   in figure 
B.U were obtained   from d   thin   film ol   Li"  exposed   to   thermal   neutrons. 
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TABLE  S.lb      COUNTING-EFFICIENCY COMPARISON                 1 1 

Detector 
Serial 
Number 

ÜL1Ü«? 

7LIÜ3 

9L1ÜU 

Deud- 
Layer 

Microns 

U.l j 

1.39 

2.US 

Blü(n,a)Li7 E»0.b8^ MeV D-2.SÜ Microns 

N   (calculated) 
countb/cm     sec 

.S6^  n 

.1^1   n 

N  (measured) 
counts/cm 

s.uqxiü14 
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The ratio oi  upper edges  oi   the two [CüKS arc calculated und  thr 
value ol   dead-layer thickness   is read  1 rom  the calculated nu vc (»1 
Figure  3.S.    Tliis method does  not  depend on  th«* system cal ibrut ion. 
However,   there is some uncertainty  in the position ol   the upper  edge 
ol   the alpha energy distributions  lor thicker dead-layer deteetors. 

The results of  the dead-layer  thickness deter- 
minations are shown in Table S.ld.    The results  are  in general  agree- 
ment  to within the accuracy  of  measurement.     The value ol   U.Ui M 
for  the  thin dead-layer  thickness,   as determined  by  the ü.OU MeV 
source,   is  not significant,   since the peak shilt   in this case is 
less  than the uncertainty  in the system calibration. 

S.l.M    Countinu El 1iciency 

A comparison,   using the thick B       radiator,   was 
made between the experimental  and calculated counting rates,   to 
determine the validity of   the theoretical  approach.     Alpha-particle 
energy  distributions were observed by the two detect«'is  having the 
lesser dead-layer thickness   (Figure S.<?).     The  total   number ol   counts 
observed  lor a  lixed time and with energies  above  the discriminator 
setting of   E =  ü.68^ MeV were determined by mc  soring the area of 
the distribution curve with a  planimeter.     These values,   adjusted  to 
a detector area of  1  cm',   are shown in Table S.lb under N  (measured) . 
A calculated value for integrated counting rate  per unit  area was 
determined  from Equation   (3.16).     As a convenience  for the calcula- 
tion,   a quantity D  (»equivalent  discriminator depth) was defined as 
the maximum distance  from which an aJpha  particle  produced with energy 
E0 could  reach the detector with residual   energy  I).     This  is   iound 
Irom Equation   (3.3b)   to  be 

D =  K  (t^    -E^). (S.3) 

From this expression, the integrated counting rate per unit area 
from a thick rddiatur is found Irom Equation (3.10) to be 

N = a UL^ (5„j 

where  n   is   the iilpha-particle production  rdte per unit  volume  in  the 
radiator mutcrial  and d   is   the dead-layer thickness.     Integrated 
counting  rates   for a   thick  B-^'  radiator have been  calculated by   (S.U); 
these  are  shown  in Figur»,   b.3.     It   is  significant  that  a  thick dead 
Jayer  drastically  reduces   the counting efficiency  of   a  B^ü coated 
detector. 

The  average  dead-.'ayer  thickness  as  determined  Irom 
the previous  Section  S.1.3 was  used  in Equation   (^.M)   to  find  the 
values   of   N(calculated),   shown  in Table  S.lb.     These were compared  to 
the  experimental   values   to  determine n,   which  should  be  independent   ol 
the  particular detector used.     The agreement   between  the two values 
of   n  is  only   fair,   due  to  the  relatively large  value ol   the discrim- 
inator setting and  the serious  error  introduced  by  the uncertainty 
in  the difference  (D  -d) . 
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in energy was adequately accounted ior 
nd   the   1   mjL/cm     thickness  ul   the Lr-*   . 

The experiment  was  repeated   with   the  U.7ü MeV 
alpha  particles  emitted  1 rom a   thick uranium radiator.     The agree- 
ment  in values   ui     n    in this  case was  goud.    Although  this  obser- 
vation was made   independent   ul   the  neutron source,   the energy dis- 
tribution of   alpha  particles   has   the same  lorm as   that   produced   1rom 
a  thick B^  radiator.     The observations  ellectively  substantiate the 
theoretical  results given in Equation  (i.lü), 

S.l.b    Uranium Coatings 

23S 
A  U.       tission  spectrum was  observed   in a   thermal 

flux by use  of   a  l)       -plated  nickel   toil   in proximity   to a  semi- 
conductor detector.     The  foil   and  detector were operated   in an evac- 
uated  tube  so as   to eliminate straggling due to air.     Results were 
compared  to  the distribution ol   fission  fragment  energies as observed 
by other methods^  '^.     The loss 
by the 1-micron detector window  and  the  1  mg/( 
The response  to  thermal   neutrons  of   detectors  having  thick coatings  ol 
U      ,   i.e.,   a   few milligrams  per square centimeter,   applied by solution 
evaporation was   observed.     Straggling due  tu  the  thick   radiator sur- 
face and detector window  resulted   in a   broad  distribution   in which  the 
characteristic  double peak was   practically  obscured.     However,   this 
poor resolution did  not  depreciate   the usefulness  of   the coated  de- 
tector as  a   neutron detector.     On   the other  hand,   little or  no advan- 
tage in sensitivity   is  gained  by   increasing the amount   ol   uranium on 
the surface  to  greater  than approximately  1   mg/cm  ,   since  this   results 
only  in  the  production ul  mure  low-energy  pulses  below   the discrim- 
inator level. 

Observatiuns  ol   a  U       -coated detector were made by 
noting occasional   liisih  energy  pulses   on  an  oscilloscope with  the 
detector   in  close  proximity   to   Llic   bare  puionium-beryll ium  source. 
Obtaining good  statistics with  this  arrangement  WJS   not   practical, 
due to the  relatively weak source  and  low  cross  section  ol   U 
However,   fission  pulses were  observed,   which  indicated   that   the de- 
tector was  detecting  last-neutron   induced   1 iss ions.     The  energy  ol 
these  fission   fragment   pulses  wus  well   above  that   recorded   tor  the 
pulses   1rom   the   (n,p)   in silicon. 

Ü 
S.2    Li     Soectromclcr 

The   first  step   in  the   experimental   evaluation  ol   the Li 
spectrometer  system was   the measurement   ol   the   individual   detector 
dead  layers,   the  noise   level,   diid   linearity  ui   the system.     The 
qualitative   response ol   the system   to  thermal   neutrons  wus  observed 
and used  as   a   basis   lor1  adjustment   ol   the  system  parameters.     De- 
tailed  observations  ol   the  effects   of   system parameter1   settings  were 
made    from    thermal   neutrons  as  a   source.     Finally,   the  spectrometer, 
was  used   to  observe   the  neutron  spectrum  produced   by   the D   (d.n)   He 
reaction   in  an  accelerator.     One   of    the  very  early  Li   -sandwich de- 
tector's  was   operated   in  the core  ul   u   low-power,   last,   experimental 
reactor;   the   results  are   included   in  this  section. 
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S.«M    Preliminary Eviluation 

Prior to asaembly of  a Li   -detector s.iiidwiiji   (I i^, -» 

i (. 

ure 2.i),   the Individual  detectors were gelectcd üIKI miililcl   in, 
similarity  in noise levels and dead layer thickncKMs.    After 
assembly,   the detectors were rechecked for noise with lit    > >i 
State Radiations,   Inc.   production evaluation equipment.    The linuJ 
detector evaluation was made with the detector connected to the Li^ 
spectrometer system.     The Li^-sandwich jssembly  is designed  to  lit  J 
standard 7-pin tube socket with base connections,  as shown in Figure 
S.S.     Special  tube base adapters were made,   as  shown  in Figure  b.S, 
which would permit observation of  the individual  detector charac- 
teristics while operating with tnc spectrometer system.    One detec- 
tor terminal was connected directly to the  B*  supply so that  its 
signals would not contribute  to the sum;  however,   the base connec- 
tion was unchanged to permit  normal  operation  of  both cf  the coinci- 
dence amplifiers. 

The operation of  the system was studied first  by 
observing the response of   individual detectors.     Several observations 
were made  to determine the energy calibration,   noise contribution, 
and  effective dead  layer  of   each detector.     The  response of  an  indi- 
vidual  detector,   exposed  to  thermal  neutrons  from a  polonium-beryl- 
lium source surrounded by  paraffin,   is shown in Figures  S.6a  and  5.6b. 
In  this arrangement the coincidence circuit was  in operation even 
though one-half the detector assembly was not contributing to the surr 
signal.     Figure ^.6b is  the result obtained with the coincidence 
discriminator set at a  very low level so that  noise pulses are record- 
ed.     The alpha-particle and triton peaks are shown clearly.     The sharp 
peak shown at a higher energy  is from a pulse-generator test  input  used 
to determine the noise and linearity of  the system.     The detector noise 
level   Independent of  the system was between 18  and ^0 keV FWffl at  200 V 
applied bias.     The system noise as  indicated by  the spread in energy 
of   the pulse-generator peak is approximately  36  keV FWJfl.     By contrast, 
the triton-peak resolution is observed to be 63 keV FWHM.    The spread 
in the alpha-particle peak  is much greater,   due to the smaller range 
of  alpha  particles.     Figure  S.6a shows essentially the same type of 
spectrum except, that the coincidence discriminator is set at 1.5 MeV. 
This  results  in a reduction of  the low-energy noise. 

The observed  single-detector spectra       (Figures   S.ba 
and  S.6b) are used to determine dead-layer thicknesses by the ratio 
method as discussed in a  previous section  (Section S.1.3).     Typical 
values   for the Li^-sandwich detector are between 0.7  u and 1.5 M- 
Energy losses due to these dead layers are around 0.2b MeV for alpha 
particles and 0.03 MeV for  tritons.    Detectors  selected for any 
Li"-sandwich assembly were matched so that  energy losses due to 
detector dead layers were  the same for similar charged particles, 
within  the system resolution. 

b.2.2    Calibration and Adjustment 

The Li   -spectrometer system  is  provided with d  pulse- 
generator test input,  which allows superimposing a pulse-generator 
signal  onto the system without  otherwise disturbing its normal  opera- 
tion. 
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Figurt- 5.S     Special  detector socket  connections. 
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As a standard operating procedure, the linearity of the system was 
checked separately for each detector and for the sum amplifier. This 
was accomplished by plotting a pulse-generator input versus the amp-
lifier output measured on an analyzer. Observed linearity of the 
system was within 3 percent. 

The output of each coincidence amplifier was observed 
(figure 5.7) as a basis for setting the individual gains and coinci-
dence-discriminator levels. The upper edges of the alpha-particle 
and triton peaks were found by extrapolation, and the energy losses 
of the two particles were determined. A test pulse generator was 
calibrated by use of the true energy of the alpha and triton as 
measured in Section 5.2.1. By use of the pulse generator, it was pos-
sible to equalize the gains of both coincidence amplifiers and to set 
the discriminator level until feedback was visible. 

When the coincidence-amplifier discriminator levels 
were set, it was necessary to set the gating-discriminator output, 
iiiL., t h e time-resolution control. The purpose of this control is to 
allow for adjustment of the gating discriminator in terms of the time 
separation between any two signals. Two pulses of a given pulse height 
will cause a gating signal only if they occur within this resolvinc-
t'me setting. 

The pulse height of the coincidence-discriminator 
sum from the "test" output was measured on an oscilloscope, with the 
coincidence time-separation control adjusted so that the coincidence-
discriminator output just ceased firing. The pulse height was record-
ed. The coincidence time resolution at any shorter time separation 
was the width of the coincidence-discriminator sum pulse measured at 
the recorded pulse height. 

5-2.3 Spectrometer Response as a Function of System Parameters 

Preliminary observations of the over-all system oper-
ation were made by observance of the thermal-neutron sum spectrum as 
produced by a polonium-beryllium source surrounded by paraffin. A ther-
mal sum spectrum, as shown in Figure 5.8a, was observed in which the 
individual events produced by alpha particles and tritons were effec-
tively suppressed by the coincidence circuit. The discriminator settings 
were low enough to allow some contribution from background. Figure 
5.8b illustrates a similar observation of thermal neutrons by use of a 
higher coincidence-discriminator setting; this higher setting resulted 
in the suppression of the low-energy pulses. Beyond these preliminary 
observations, a detailed study of the spectrometer, using the polon-
ium-beryllium source, was impractical due to the low intensity neutron 
flux and consequently the very long counting times required for a 
single observation. 

Neutrons from the D+d reaction, produced by the Nuclear 
Defense Laboratory 750-kV Cockroft-Walton Accelerator,- were used for 
a more detailed study of the spectrometer. The estimated neutron yield 
was 10° n/sec. The detector was placed in close proximity to the 
deuterium target, and was surrounded by paraffin. With this arrange-
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ment an observation of the thermal sum spectrum could be made in one 
or two minutes. It was thereby possible to observe the spectrometer 
response over a wide range of adjustable parameters in a relatively 
short time. 

Thermal sum peaks observed as a function of the 
combination of discriminator settings of the two channels are shown 
in Figure 5.9. The numbers appearing in the figures beside each sum 
peak are the respective discriminator settings, where 40 corresponds 
to an energy just slightly below the maximum alpha-particle energy. 
The first observed peak (20-20, upper-right figure of Figure 5.9) 
using equal discriminator settings of 20 has a FWHM of 70 keV and an 
extrapolated upper energy of 4.60 MeV. As expected, the lower 
discriminator settings of 10-10 yielded a somewhat broader peak of 
130 keV FWHM and an increased total number of counts for the same time 
interval. However, the upper extrapolated energy appeared to be 
changed to 4.52 MeV, a significant reduction from the previous ob-
servation. This shift was confirmed by the observation 40-35 (bot-
tom left distribution of Figure 5.9), in which the total nu ber of 
counts was sharply reduced, but the upper edge of the distribution 
showed a maximum energy greater than 4.7 MeV. Other observations us-
ing unequal discriminator settings indicated both a peak broadening 
and distortion which, in extreme cases, amounted to an actual double 
peak, as indicated in cases 40-10, 10-40, and 10-32. As both discrim-
inators approached the maximum values corresponding to the condition 
in which only the highest-energy alpha particles could be observed, 
the sum peak was shifted toward a higher energy channel. This re-
sponse appeared to be somewhat anomalous since reducing the discrim-
inator setting to admit lower-energy pulses apparently cut off part 
of the higher-energy pulses. One would expect the reduction of the 
discriminator setting to result in a broadening of the peak without 
any associated shift in the upper edge. 

To study this shift in more detail, the triton 
peak from a single detector was observed with the coincidence require-
ment as before. A number of single triton peaks are shown in 
Figure 5.10 as a function of discriminator settings. Again, with 
the increase in the discriminator setting, the peak showed a shift 
toward the upper energy and, in addition, a sharp loss of counts. 
Again, this would indicate that the discriminator was acting as a 
window rather than simply as a cutoff for the lower-energy pulses. 

A possible explanation of this behavior was based 
on the operation of the coincidence circuit. Two pulses produced 
by the same nuclear event and in true coincidence.', but having 
different amplitudes, will reach a particular discriminator level 
at slightly different times. Such an event will not be recorded if 
the coincidence time is set to a value less than this time difference. 

The alpha and triton pulses produced in the spec-
trometer have some spread in amplitude. Changing the individual 
discriminator settings while keeping the coincidence time resolution 
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Figure 5.9    Li  -spectrometer,   thermal-neutron sum spectra 
taken at  various combinations  ol  discriminator 
settings. 
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constcJtit may  add ur subtract sum pulses 1 rufii cither the upper' or 
lower edge ol the distribution; this wuuJd depend un the relative set- 
tings ol the two dibcriminaturs.  To illustrate this ellect, assume 
a situation in which discriminator No. 1 is set well above the maxi- 
mum ol the alpha pulse height distribution, and discriminator No. d 
is set just below the maximum ol the alpha pulse height distribution. 
The coincidence time is now set so that the maximum triton pulse and 
the maximum alpha pulse will reach their respective discriminator 
settings just within this time, and so that the sum pulse will be 
recorded.  If the discriminator No. 1 level is reduced, the same 
maximum triton pulse will reach the new level in less time, while 
the original time will still be required lor the maximum alpha 
pulse to reach the No. ^ discriminator' level.  The ditlerence in time 
will now be greater than the coincidence resolving time, and the sum 
pulse will be rejected.  The net result ol this change in discrim- 
inator setting is therefore a loss in the upper edge ol the sum pulse 
distribution.  The dependence ol the upper edge ol the sum pulse 
distribution on the discriminator settings may be reduced by increas- 
ing the coincidence resolving time.  This, ol course, will also allow 
some undesired, accidental coincidence pulses to get through.  On the 
basis ol this explanation, it uppears that with this particular 
discriminator circuit a slow resolving time is necessary in order not 
to distort the sum peck nor cut out part of the real counts. 

5.2.4 Fast Neutron Observations 

Observations ol the neutrons Irom a D+d reaction pro- 
duced by the 7SO- -'^    accelerator were made by placing the sandwich 
detector in close proximity to the deuterium target.  In the first 
observation a small amount ol paralfin wus placed in proximity to 
the detector to show the position ol the thermal sum peak (Figure 
5.11).  A second run was made with the paraffin removed.  Figure 
5.11 shows the raw data as observed with some paraffin in proximity 
to the detector.  The broad distribution above the thermal peak is 
due to the fast neutrons.  Note that the effects of single pulses 
below the thermal sum peak are quite trivial down to the noise level 
of the system, where a sharp rise is indicated. 

The high-energy distribution was studied in more 
detail by removing the paraffin.  The amplifier gain was reduced 
to obtain more counts per channel in the high-energy region.  The 
results in Figure 5.12 are the raw data as observed, and the same 
data normalized for the energy variation in the Li^ cross section. 
The observed peak is quite broad and, due to the preliminary nature 
of the run, the spectrometer resolution is uncertain.  However, con- 
sidering the nature of the D+d source, this distribution is not un- 
reasonable.  The deuterium target is a sei 1-replenishing thick tar- 
get.  Neutrons may be produced with a maximum energy in a forward 
direction approaching Li  MeV.  At the same time, neutrons produced 
by reactions deeper in the target would have lower energies due to 
the loss in tlie deuterium energy in penetrating to the reaction depth. 
The counts well ' elow 2.5 MeV are probably due to some neutron scatter- 
ing Irom structure material in the vicinity ol the target. 
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An earlier efiort wus rnddi1 to ubsiT.f I'l-McV in'u 
trons oi the T(d,n)Hel* reaction 1 rom J small Cockcrot t-Wai t on ucccl- 
erator.  At the time this observation was attempted, there were 
a number of uncertainties in spectrometer adjustments and in the over- 
all calibration of equipment.  A large distribution ol pulses wus 
observed that could be attributed to the 81*^(11, p)Ai ^ und uther high- 
energy reactions in silicon: however, because ol the high background 
and because of uncertainties in system adjustments, sum pulses caused 
by the IM-MeV neutrons were not definitely resolved. 

S.Ü.S Origin of Spurious Pulses 

In addition to the Li (n,a)T reaction on which the 
operation of the Li" spectrometer depends, there are a number ot other 
high-energy neutron reactions which cdn seriously interlere with its 
effective operation.  The ultimate utility ol the Li -neutron spec- 
trometer will depend on understanding and, as nearly as possible, 
suppressing the spurious pulses resulting irom these reactions.  The 
most serious problems are due to the high-energy neutron reactions 
in silicon, as discussed in a previous section (Section ^.^).  In 
addition, the Li"(n,nd)He^ reactionsU-W will produce true coincidence 
pulses which must be considered in interpreting data from the Li" 
spectrometer.  The cross section for the reactions of interest are 
shown in Figure S.13. 

Alpha particles or protons produced in one of the 
detectors may simply cause pulses in the same detector or may also 
enter the other detector, thereby producing pulses in both detectors 
in true coincidence.  As a consequence, i variety ol spurious events 
may contribute to the observed sum spc^rum, even with good coinci- 
dence discrimination.  The Si °(n,p)Al2' and Si^^ (n,a)Mg£--' reactions 
form the most serious contribution to the spurious pulses, due to 
both high cross-section values and the large amount of silicon in the 
detector assembly, as compared with the quantity oi lithium. 

The Si  (n,p)Al  reaction will have no effect at 
incident neutron energies smaller than 3.86 MeV.  However, above this 
threshold, counts will be added into low-energy channels dt rates 
that increase with energy.  The protons are emitted dt all angles 
with energies that range from zero up to (En - 3.80) MeV.  These can 
cause true coincidences when a proton penetrates both detectors, or 
chance coincidences when pulses in the individual detectors occur 
within the coincidence resolving time, T.  The chance coincidence 
counting rate, nc, depends on the product ol the individual count 
rates in each detector, n^ and n^, and the resolution time of the 
coincidence circuit, T. 

Since nj^ and n^ are proportional to the neutron 
flux cp, the chance coincidence rate will be proportional to cp^r.  The 
Li" events occur at a rate proportional to (p,   so that the ratio of 
these spurious pulses to the desired signal pulses is proportional to 
qpt. 
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Effective suppression of  these chance coincidence pulses will   there- 
fore  require a  very  fast  coincidence system and an  incident   neutron 
flux as low as  practical. 

In  the event  that a chance coincidence occurs  be- 
tween protons of maximum energy  from the  reaction  Si^(n, p)AI^°,   the 
observed sum will  be  Ec =   2(En  -3.80) MeV.     This may be compared with 
the summed energy of   the alpha  particle and triton  from the  Li^  re- 
actions,   i.e..   Es  =   En  + Q =   Ep  +  4.8 MeV.     The maximum  energy  of   the 
coincident  Si'8(n, p)Al28  protons  increases with energy until   at 12.8 
MeV,   Ec =  Es,   i.e..   the two sums are equal.     However, at lower  energy, 
e.g.,   En =  7 MeV,   the maximum possible proton  energy is approximately 
equal  to the minimum alpha-particle energy from the Li    reaction.     Dis- 
criminator settings of   slightly over 3 MeV would effectively  eliminate 
the chance coincidences at  this value of   En without  interfering with 
the Li°-reaction sum  peak.     This discriminator setting,   however,   would 
not  be  totally  effective at  higher  incident  neutron energies. 

28 28 
The  second method by which the Si     (n,p)Al       reaction 

causes spurious  pulses  is  by the direct  emission of a proton  from one 
detector into the other.     Pulses of  this  origin will be  in true coin- 
cidence and cannot be  eliminated by simply  lowering the coincidence 
resolving time. 

With  the discriminator set  to a  value just  greater 
than one-half the maximum proton energy,   coincidence will be  pre- 
vented;  protons of  energy  Emax losing more  than half  their energy 
in one detector will   not have sufficient   energy to trigger the other 
channel.     If  the maximum energy of   the proton  is  taken to be 

E        =  E    -   3.86 =   2E , (S.5) 
max '. — 

where L =  discriminator energy setting of   each channel,   and 

^O =   (3/7)   (En + U.S)   =  average alpha-particle  energy from the 
Li^(n,a)T reaction,   then the ratio of  average  alpha-particle  energy 
to discriminator energy at IM-MeV is 

fa=   (3/7)   (IM t ^8)  =  LS r56) 
E (14   -   3.86)/2 1,D   * lb,bj 

According to this  result,   coincidences caused  by a  single proton trav- 
ersing both detectors  can be virtually elimir.atLÜ by proper use of 
the discriminator setting.     The facter 1.6  gives considerable  allow- 
ance for spreading of   the alpha-particle  peak caused by  the  initial 
neutron energy and effects  of  dead layer.     Setting the discriminators 
as  indicated above will   effectively eliminate the true coincidenct 
pulses   produced  by  the   Si^^(n,a)Al2S  reaction.     At   the same  time, 
this will  discriminate  against  some ol   the   true alpha-particle  coin- 
cidences and thereby cut down  the efficiency of   the device.     In 
addition,   a  high discriminator setting will   preclude observation ol 
neutrons of much lower  energy  in the presence of  fast neutrons. 
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... The contribution  oi   spurious  alpha-particle' pulses 
Iron the Si      (n,Q)Mg       reaction  becomes   signilicant   lor  neutron 
energies above  En -   7  MeV,   us  shown   in  Figure  S.I 3.      The  same comments, 
which were made  in  the  previous   purdgruphs  ubout  protons   from  the 
(n,p)   reaction   in silicon,   are  applicable  here  except   thut   the   (n,a) 
reactions  shouid be Jess  troublesome,   due  to  the shorter  range ot 
alpha  particles.     A  smaller  iruction  ol   the  total   silicon will   act 
us  üu alpha-particle  radiator und   the  chance ol   u  single  ulpl ; 
particle producing  pulses   in  both  detectors will   be   smüil   oompured 
to  thut   ior  protons. 

From  the  foregoing discussion   it   is   concluded  thut 
the most  significant  source  ut   spurious   pulses   is   irom  chance coin- 
cidences  between protonv  und  other  charged  particles.     These may  be 
somewhat suppressed  by means  ol   u   lust   coincidence  system und,   in 
some cases,    rather  high discriminator  settings.     A  lower   Uux  ol 
neutrons will   effectively  reduce   the  relative number  ol   chance 
(Coincidences   and   effectively  remove   higher-energy  pulses   resulting 
from pile-up. 

An additional   high-energy  redet ion,   which   is     , 
troublesome   to  the  operation of   the  Li^  spectrometer,    is   the Li 
(n.nd)He4  react ionC^J,   or more   properly  Lifj  +   n  >  Li^     +   n'. 
Lib*  > d  +  a.     The Q vuiue   lor   this   reaction   is   -i.U8  MeV 
u  d  its  cross-section vulue becomes  significant   lor-   incident   neutron 
energies  above   3 MeV.     The   two  particles   from  this   reaction uill 
give  true coincidence  pulses with   totdl   energies   ranging   from zero 
up  to   (En  -   i.US)  MeV.     The maximum  alpha-particle  energy  will   be 
1/3  ol   this   value.     For IH-MeV  neutron   incidence,   only   b  percent 
of   the  alpha   particles   will   hdve   energies   between   3  MeV   dnd  M.^ MeV. 
the maximum  possible alphd   energy   from  this  reaction.      The  low-energv 
sum pulses   from   this  source  can  be   eliminated  by  the  discriminators, 
ds  was  discussed   Li  a   previous   paragraph.     The  contribution  ol 
spurious   pulses   from  this  source  ure  unimportant  when  compared with 
those originating   in  silicon,   because  ol   the  relative  quantities  ol 
silicon  and   lithium   in   * he  detector'  ussembJy. 

** 
S.^.0     Reactor  Core  Measurements 

Observdtions  ol   the  neutron spectrum  ul   un   epithet- 
nidi   nuclear   reactor- were made dt   Atomics   International,   with  the Advanced 
Epithermal   Thorium Reactor   (ACTR)   critical   assembly.     This  assembly, 
consisted  ol   dn  unmoderated  central   core   test   region  containing U*--^ 
surrounded  by  u   polyethylene moderated   thermal   driver   region.     These 
observations  were made with  one  ol    the  very  early  prototype  sandwich 
detectors  dnd   un   electronic   system  made  up  ul   various   miscelldneous 
parts.     As  u   result,   the observat ions  were  very   pre! iminary   dnd  qudl i- 
tutive   in   nature. 

**We are   indebted   to  Drs.   D.   Strominger und  S-   (■•   Carpenter ol 
Atomics   Internationd     lei   permission   to  use  this  dutu. 
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Thu  puJse  liLight   d istribut iüii  sliuwn   in  li^utt     ,.|i) 
lias  the same 1 orm lor  the high-energy  neutron distribut ion  ,is   t IK 
semi-empirical  U*^33   lission spectrumC^).     The  J ow  energy   pcuk   i^   due 
to  some  neutron slowing down   in the  immediate  vicinity  oJ    the  deteetur 
sandwich.     Figure  S.15  shows  a similar  observation made   in  a   siightiy 
revised core ol   the AETR assembiy.     The observation made   in   the  ther- 
mal  driver region shows  only a  broad,   low-energy  peak.     By  contrast, 
the spectrum  in  the central   cure also  shows   the  pul^e  distribution  lor 
the higher energy  neutrons which  laiis   oil   in  roughly  a  iogarithmiL 
way,   as  expected  from  the U*--^ lission  spectrum. 

6.   CONCLUSIONS 

.^u   Effective  techniques   lor  the application  of   B    ,   Li  ,   U and 
U have been developed   for  the  Jabrication  of   neutron-sensitive 
detectors.     These detectors   fail   into  two  classes:  simple counting 
devices  and neutron  spectrometers. 

The B      coated  detectors  have   the  highest   sensitivity   to   thermai 
neutrons.     A thick  layer of   B^O,   approximately  96  percent  enriched, 
provided an effective   thermai   neutron detector when applied   to  the 
surface of  a  p-n junction and when   operated witli an appropriate dis- 
criminator threshold   to  eliminate  noise and     low-energy  pulse  contri- 
butions.     It was  shown  that   to observe  an  adequate  fraction  of   puise 
heights  above the noise levei   of   the system  and  thereby  to obtain  high 
neutron-detection  efficiency,   say ^L  percent,   detectors with   thin dead 
layers   (ä Ü.S p)   are  essential.    Although  detectors with  thinner dead 
layers   (Ü.1 p)   can  be  fabricated,   their  reliability at   present   is 
generally poor.     Selection  of   dead-layer  thicknesses between  O.S  and 
J.Ü  M represents  a  compromise between maximum efficiency and  relia- 
bility.     To extend   the  usefulness  of   simple coated detectors,   fission 
threshold coatings may  be  used  to provide  crude  energy   information. 
Since  the energy release  in  fission reactions   is much higher  than 
that  associated with  fast   neutron reactions   in silicon,   the Jatter may 
be  easily discriminated  against  when counting fission products.     Un- 
coated  detectors  are  useful   lor fast  neutron detection above   5-0 MeV 
by  virtue ol   the Si28(ri,p)Al       and  Si^8 (n,a)Mg25  reactions   in   the base 
silicon-     The maximum   incident   neutron  energy may be determined   from 
the  high energy  cut-off   oi   the  proton or alpha-particie distribution 
corresponding  to  these   reactions.     The  experimental  response  of   the 
coated detectors  operated   in   the simpie  counting mode  is   in good  agree 
merit  with  the theoretically  predicted response based on Gobelli's   em- 
pirical   expression'^   for  the charged-particle,   range-energy   relation- 
ship. 

In addition  to  the  high  neutron  sensitivity  possible with  these 
detectors,   high  counting  rates  are  possible  because of   the  thin 
depiction  regions  required   to completely  absorb  the  energy  of   the 
heavy  charged particles   emitted  in these  reactions.     These  high 
counting rates  result   from  the short   transit  distance and  high  elec- 
tron-hole mobilities  available  in silicon,   permitting collecting  times 
less   than iU ns.     The  present  iimitation  on   these  counting rates 
{s& 1ÜU Mc/s)   is   imposed   by   tne associated   electronic  equipment. 

1U1 



100 

000 eXPERIMCNTAL 

e 
3 

< 

10 
- c5> 

o 

o 
o 
o 

NISC   DUC   TO   OCORAOCO   NCUTNONS 

c 
Ui 

c 
o 

3     • 
2 

o 

6 
z 

SCMI    CMMiCAL   U       FISSION    SPCCTRUM 

1 1 1 1 
I 2 S 4 S 6 

Energy     of    Ntutront    (MtV) 

233 Figure 5.m    Neutron Spectrum of U    '   fission source. 

102 

^**' 



10' 
0 
T 

En   (M«V) 

2 
T 

c 
o 
£ 

c 
3 
O 
o 

D       Thtrm«!    Rtgion 

O      Epithtrmol    Rtgion 
"=^    8C$T    riT  TO DATA 

J L 
92       96 

Channel   Number 

Figure 5.15    Neutron spectrum in low-power reactor. 

103 



,      In  the clubs  of  detectors  ust'lul   lor  neutron öpectrosi.'opy,   the 
Li   -sündwlch detector shows   the must  promise.     Preliminary operation 
ol   the  Li"  spectrometer   indicates  that   in   its   present   furm uscluJ 
dillerential   neutron spetrai   data may  he  recorded   lor   neutron  ener- 
gies  up  to 6 MeV a* >ve which  last  neutron  reactions   in silicon  produce 
a   high  background und   interfere with normai   operations.     The  optimum 
operating characteristics  are critically dependent  on the use ol 
matched  detectors,   coincidence  timing adjustments,   and  Idst  ampiilier 
delays. 

The difficulties  encountered   in the attempts   to observe  iU-MeV 
neutron  spectra  have  led   to   the  suggestions   listed  below   for   improve- 
ment   of   apectrometer performance.     To suppress   the  high background 
of  low-energy pulses   from  the fast neutron  reactions   in the base 
silicon,   a  high-speed coincidence circuit  would  prove useful   in  re- 
ducing  the accidental   coincidence arising  from  high singles  count 
rates.     The only metns   of   suppressing real   coincidences,   due  to  long 
range particles   (protons)  which originate in  one detector and  pene- 
trate  the second,   is   ta  select   the discriminator  setting high  enough 
to avoid  counting these  events.     Such events  may  arise  from  either 
the Li6(n,nd)He^ or  the  Si28(n,p)Al28  reactions.      It would be well 
worthwhile to pursue a  theoretical  program  lor determination  ol   op- 
timum discriminator settings   to minimize  the contribution from these 
competing reactions. 

Further improvement  of   the spectrometer  performance may  be ob- 
tained by changes in the sandwich configuration.     First,   the use  of 
Li" metal   to replace  the  present  Li^F radiator will   increase   the  de- 
tector sensitivity by approximately a  factor of   M,   without loss  in 
resolution;   second,   a  significant   improvement   in  both sensitivity 
and  resolution may be realized  by use ol   detectors with  thinner dead 
layers,   provided their reliability  is not   impaired.     If  detectors  of 
larger area   (say X ^  to X   3)  were incorporated,   a   corresponding  increase 
in sensitivity would  be realized without   impairment  ol   resoJution,   pro- 
vided  the surface leakage current did   rot   increase the input noise 
level   significantly. 

It   is  anticipated  that   the use ol   thin window  silicon or german- 
ium detectors  at  liquid  nitrogen  temperature would  significantly  de- 
crease  the  leakage current   noise.     The high, background counting level 
produced  by  neutron-induced   reactions   in  the base  germanium  is   expected 
to be  about  U.<?S  times the  level   observed   lor  silicon  because  ol   the 
lower cross  section  for Ge^(n,p)GaA and Ge^(n,a)Zn^~^  reactions. 
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APPENDIX A 

INPUT CIRCUIT ANALYSIS 

The equivalent  input circuit  is  shown below 

The detectors are represented by their respective capacitances C. 
Cp» and the series resistances R^. and ROT* ^he charge amplifier 
impedance is  represented  by C ,   with its cable capacitance C 

and 
input 

In the tollowing analysis,   currents and charge that  contr;- 
bute  to the various  amplifier inputs will  be calculated, when a 
charge Q    is deposited on the first detector,   i.e.,   C,   at   time  t =  o. 
Because of  the symmetry of  the circuit,   the contribution at  any  circuit 
element of a simultaneous charge deposited  on C? may be  found  by direct 
superposition. 

Since R.,   and R.^ are small,   i.e.,   approximately  SO  ohms, 
''rx''"-   ■   "*   .afv the cable capacitance C  .and C _ may be  ignored in the analysis. 

cable capacitance C      will  also be  ignored since C      « C   . 
ex & ex x 

The 

The  initial  condition of  no currents  flowing in ü  circuit 
with zero charge on all  capacitors  is assumed,   except a charge Q 

'o deposited on C,   at   time  t  =   U,   the quantities  of   interest  are  found 
by   the conventional   applications  of  Kirchoff's  law.     The results  are 
listed below. 

Where      ZC =C ,   + C. -»■  C 1 <: x «I  = 
EC 

R1C1^ + Cx> 
ß: 

C^ + c 
2 x 

R.C^C 
C    d    X 

(A.J) 

Charge on C, 

qjt) = Q u 
5: 
EC 

c. + c 
d    1. 

IC 

-^t 

(A. 2) 
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Clujr^c  on  C. ■Oit 

^t) = QoIt 
Ple -a^. 

^t, 

ß.-a, 
(A. i) 

Cluir^c  on  C 

x x()  JJC 

(c, : cx)   -ajt 

(A.U) 

Current   tlirough R. 

o 
V^  ;   R,C 

^i'       Qiyü   ^C^  +   C^ 

II rc 
-a.t 

-2  e (A. 5) 

Current through RA/>. 

i^(t) = R.C.R.C 
I I ^ x 

c   -e 

V*J (A. 6) 

It   two  charges Q.   and Q? are  deposited un detectors   I  and  ^  simultane 
ousiy,     the quantities   ol   interest  may  be  found   immediately  1 rom  the 
above  equations  by superposition.     By use ot   the   terms 

CU = 2      R<,C<;(Ci   t  Cx) and ß., = 
C.   +  C I x 

2      R.C.C I   I   x 
(A.7) 

one obtains 
C -at -at 

%^ - ^i + ^iz- ^     + ^     > 

^(t) 

+   (smaJi   transient   terms)   , 

»^ V^t.e-0^ 

R1CI R.C .R.C a2-*2 

(A-8) 

(A-9) 

-v 
V^ = iTc 

2~2 K , L , K.,L' 
J I <: x 

e   -e 
(A.IUJ 

Equation (A.8) shows that the totaJ charge deposited on C , alter a 
time which is Jong compared to the time constants R.C. ana R C. , is 
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prupurt ioiid J   to  the sum ul   the  two   input  charges  <2i   Jn(J Q^-     The 
friictioiidl   loss   is 

1   - — C 

Ci   +   C. 
Ci   +C. 

(A.11) 

This  is  small,   since Cx  > > C_i   and C^.     Equations   (A. 9)   and   (A.JO) 
show  the currents   ii   Jnd  i^  as   seen by  the coincidence amplifier to 
be proportional  to the respective charge   inputs,   minus  loading terms 
proportional   to  the charge  in   the  adjacent  input  circuits.     A com- 
parison between  the contributions  c*   the  two  terms  may  be made by 
considering Equation   (A.9).     II   the  inverse  time constants  3^ and 
0^ are approximately  equal,   one  can let 02 ^   32  +  a,   where a   is  small 
The loading  term  in   (A.9)   becomes 

R.C.R.C 
2   2   1   x 

V at 

~7 + - (A.12) 

R^C.R.C 
2   2   1   x 

te 
-V 

This expression is zero at t = o, and rises to a maximum ol 

at t ^ —, as compared tu the iirst term 
P 

Q 

Ricj 

-j 
at 

the same  time.     Since Cx  >>C^,   the loading  term will   be less   than 
the proportional   term by a   lactor « C,   that may  typically  be __!_ 
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APPENDIX   B 

ClIARGL  LOOP CIRCUIT ANALYSIS 

The charge amplifier consists  ol   u   hi^li K^'
11
 umplilii'i   with 

capacitance  feedback  such   that   the  output   is   prupi;rt iunu 1   tu   tlic   input 
charge. 

The open loop  gain  oi   the amplilier   is   calculated  by  id fi- 
ring to the following  equivalent  circuit: 

r  +(J-d)i.        R 
e b e 

tit        ^      I       VAA/ 

c     Z   108   (apparent) 

Since r » r.,   the  output   feedback generator T^T e    will   be  neglected 
From  the  equivaJent   circuit,   one has   the   lollowing relationships: 

e    = 2- 
1       EC (B.l) 

1  = 
*m    i      , (B.<?) 

rp  R1U'4 
rp  +  RiüH       ' 

R, 
xi =   i 

R,   +   (R    + 
1 v  e 

J 
iuuC 

104 iuuC 1ÜS 

(B.3) 

(B.4) 

o i  R 
^   ^1U8^ 

1U8  +  rc 
(B.S) 

The   open   loop gain,   A,    is   lound  by combining  Equations   (B.^),    (B.U), 
and   (B.5)   to obtain 
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A = -2 agn\ R1U8    i r     i   R JU8 

Rl   (ClüUCiü5)  jli 

(B.C.) 

CR1 + Re)   (CiüUCiü5)       1^ 4 

C + C 

(R1 + Re)   (C10ltClü5) 

= a ^lüB       r    + R 108 

where    ß = 
C        + C 

IW      LlüS 

r    R 
R,   + R 

J e 

1    1 

1  - 
01 

«W   (C1U5^   (RI   + Re> 
(B.Oa) 

und    R.   »R   . 
J c 

e 
,*, — (mid-band) 

i 
-OK «m Riü8(apparc •nt)]    — 

J       C R108(apparent) 

=   1330  for a =   .95,     G    =   5Ü00 [jmhob,       (B.üb) 

r    =   1U     ohms,     Rlno  =   39ÜK. c '       108 

The dc stability of  Qim   and Q]n:,   is assured  by  stability  iacturs  of 
ess   than 

^       S -   1   + base 

emitter 

The closed loop gain of   the charge loop may be approximated as shown 
below: 

EC 
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where A = Open loop gain, 

C, = Feedback capacitance (ClnQ), I 1 Do 

EC = Total cold input capacitance seen by the input «^rid. 

At the summing point one has 

C C 
e2= ei " eo EC = ei " ^ EC ' ^-^ 

from which e. 
i 

e2 i  AC f 1 + EC f 

and 

e = Ae^ = 
o    2 

ei           Q Q 

A  TT   A   Lf 

EC where h » ff-  . 

(B.8) 

(B.9) 

The closed loop gain is 

e o 

e. 
i 

EC EC 

F^f Cf 

where A »fe . 

(B.10) 

Equations (B.1Ü) and (B.ll) show that for high open loop gain, the 
voltage gain of the charge loop amplifier is proportional to the 
input capacitance EC  However, the output voltage is proportional to 
the charge deposited on the input but independent of the input capaci- 
tance. 
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APPLNDIX  C 

THE COINCIDtNCL  PREAMPLIFIER 

The coincidt-'nce  preampJ if iur   in made up oi   ü  L-ommon bast'   input 
stü^L',   lour common  emitter gain stages,   üiid dii  emitter   lolJower   out- 
put  stage  lor  impedance mutching.     These stj^cs  are considered separ- 
ately  in  the  following dnuiysis. 

Tfie  equivalent   cir^'uit   for   the common  hdsc section   is  shown 
below.     The parallel   resistance r     i^   the collector  resistance and  the 

c ' 
R.   and C     dre  the  parallel   lodd   impedances.     In  the  present   case 
rc

L » tj J^ ■ 

v +(J-a)r b 

The   input  current   trom Equation   (A.S)   is 

. ^o 
-at 

(Cl) 

wfiere    a  =   C .R .     is   the   inverse   time constant  of   the detector  iinu 
amplifier   input   resistance.     The  rurrent   transferred   to   the  collector 
in   the common  base  arrangement   is 

a J 

Q     -at 
o 

d a    c' (C.2) 

From which   the  output  voltage   is   lound   to  be 

RLCL 
U      CL    RLCL-R.ICD 

-t/RC -t/RdCd 

e ~e (CiJ 

The  two  exponentials   in  this   expression  correspond   to  the   input 
time constant and   the  time constant  ot   the common  base   load.     The 
ampl11ier   rise and  delay   time   is   ultimately   Jini ted   by   these   terms. 

1 1^ 



The expression lur voitdgL' ^ain ior n  cümmun emitrer std^f is 
given below, il it is assumed the input signal is nut ailected l)\ 
either a series resistance or shunting capacitance, i.e., 
1 
Cm » Z Zl ^ Rs 

Ü 
R. (CO 

r  + R (1 + i/ß) 
e   ev      J 

R c; ''. S 
e he  be  

r + R (J + i/ß) 
e   e 

+ i 

and 

ü 
— (mid-band) 

'  + R  (1 + 1/ß)  ' 
e   e v      J 

(C.4a) 

and 
UL' 
3db 

uu a 

r  + R  (J + 1/ß) 
e e v __^ (C.4b) 

By use of values R = 1.2  K,   ß = 1UU, w = i^S Mc, r = SU ohms, 

R^ = 7S ohms, R. = 1.2 K, the gain is found to be 9.U and the i  db 1 re 

quency is fidb «%» 2 Mc. 

The four common emitters in cascode produce a 3db gain of approx- 
imately 2000.  With a common base input of 0.2 mV/MeV, the amplifier 
output is 0.U V/MeV.  The experimentally determined gain is in agree- 
ment with this value.  By adjusting the emitter resistor in the final 
gain stage, this over-all gain may be reduced by a factor oJ U. 

A complete discussion oi this type ol circuit is given in 
Reference 12. 

113 



UNCLASSIFIED 
Security Classification 

DOCUMENT CONTROL DATA • R&D 
(Sacurtty claaalticrtion ol till* body ol abatract and tndaxing annotation m u l l b« » n n n d whan tha orarall rapon n claanliad) 

' i — O T I G T H A T I N G A C T I V I T Y (Corporal• author) 2 a R C P O « T H C U « I T V C L A S S I F I C A T I O N 

UNCLASSIFIED 
US Arny Nuclear Defense Laboratory *«> GROUP 

Edgewood Arsenal, Maryland 
} R E P O R T T I T L E 

NEUTRON DETECTION AND SPECTROSCOPY WITH SEMICONDUCTOR DETECTORS 

4 D E S C R I P T I V E N O T E S (Typa ol raport mnd tncluaiva dataa) 
Final Report - Prepared by Solid State Radiations, Inc., for 

US Armv Nuclear Defense Laboratory 
5 A U T H O R f S ; (Lmat n a m * . It rat n a m a . initial) 

Z a t z i c k , M. R. 
Zimmerman, E . L . 

• R E P O R T D A T E . \ 

A p r i l 1965 ( D a t e o f R e v i s l o n ) 
7 a T O T A L N O O F P A G E S 

121 
7 6 N O O F R E F S 

12 
8 « C O N T R A C T O R G R A N T N O 

LA l8 -108-405-Cml -1012 
6 P R O J E C T N O 

9 a O R I G I N A T O R ' S R E P O R T N U M B E R f S j 

NDL-TR-5^ 

C-

d 

9 6 O T H E R R E P O R T N O f S j (Any othar numbara that may ba atsijnad <*'• N o n e 

1 0 A V A I L A B I L I T Y / L I M I T A T I O N N O T I C E S 

Q u a l i f i e d r e q u e s t e r s may o b t a i n cop ies o f t h i s r e p o r t f rom Defense Documenta t ion 
C e n t e r , Cameron S t a t i o n A l e x a n d r i a , V i r g i n i a 22314 

11 S U P P L E M E N T A R Y N O T E S 12 S P O N S O R I N G M I L I T A R Y A C T I V I T Y 

Defense Atomic Suppor t Agency 

13 ABSTRACT 

Results are presented of a study of methods for utilizing diffused junction, 
semiconductor detectors in neutron detection and spectroscopy. The study resulted 
in the development of various neutron-sensitive coated detectors and the Li6 

epithermal neutron spectrometer system, which consists of a Li6-sandwich detector 
and a complete, integrated electronic system. The techniques investigated for 
applying neutron-sensitive materials to detector surfaces included solution 
evaporation, vacuum evaporation, and electrodeposition. Solution evaporation is 
preferable when a thick coating of B10 or i f 3 5 is desired for maximum sensitivity. 
Vacuum exaporation is preferable when very thin uniform films of Li6 and Li6F are 
required on the detector surface. A thermal neutron source was usedto observe 
the response of each coating material deposited on the detectors as a function of 
dead layer and radiator thickness. Theoretical relationships depending on range-
energy relationships were derived; these results adequately predict the response 
of coated detectors as a function of converter material thickness, detector dead 
layer, and discriminator settings. The detector developed under this program 
for the epithermal neutron spectrometer system consists of a layer of Li6F sand-
wiched between two silicon detectors in a hermetically sealed package. 

DD 1473 121 UNCLASSIFIED 
Security Classification 


